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Preface

This book is the brainchild of the third Optoelectronic and Photonic Winter
School on “Optical Interconnects” which took place from the February 27 to
March 4, 2005 in Sardagna, a small village on the mountains around Trento in
Italy. This school, held every two years, has been promoted in Trento to trace
the very fast developing technologies and the tremendous progress that has
been and will occur in the near future. It is a common view that its current
explosive development will lead to deep paradigm shifts in the near future.
Identifying the plausible scenario for the future evolution of Photonics presents
an opportunity for constructive actions and for scouting killer technologies.

In analogy with electronics, the term Photonics was coined in 1967 by
Pierre Aigrain, a French scientist who worked on semiconductor lasers. While
electronics is the science and technology of electron motion, photonics is the
science of the mastery of light made up by photons and the technology of
using it. The term photonics is used broadly to encompass: (1) the genera-
tion of light, e. g. by LED and lasers; (2) the transmission of light in free
space through conventional optic systems or guided in a material through op-
tical fibres and dielectric waveguides; (3) the processing of light (modulation,
switching, scanning, computing); (4) the amplification and frequency conver-
sion of light by the use of non-linear materials; (5) the detection of light and
of images; (6) the use of light for data storage (optical discs and holography);
etc.

Optical interconnects have revolutionized telecommunications over the
last few decades. Single frequency lasers, fibre optics, fast detectors, dense
wavelength division multiplexing (DWDM) have been used for decades in
long-distance application such as telephony and wide area networks to over-
come the limitations imposed by standard electronic communication. This
technology faces a rapid increase, where its performances double every nine
months. Note that microelectronics is also increasing with a very fast rate,
although the famous Moore’s law predicts that the doubling occurs every
18 months.
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The evolution of Moore’s law is finding red-brick walls. In fact, electronic
transmission over copper is currently limited to distances around 100 m for
data rates exceeding 1 Gb s−1 and this distance will certainly shrink as data
rates rise. So there is a clear need to create a radically new communication
landscape using optical interconnects for the computing and communication
industries to face increasing challenges to deliver more data faster and at lower
power.

After having moved from long-haul backbones to the metropolitan area
networks (MANs) and local area networks (LANs) during the last decade,
optical communication technologies are and will certainly become increasingly
more important for the rack-to-rack, board-to-board, chip-to-chip and even
component-to-component within a single chip (on-chip interconnect).

On the other hand, semiconductor productivity and performance have
increased at exponential rates in the last 40 years. A dramatic scaling down
in feature sizes (the next node is fixed at 65 nm for the field effect transistor
(FET) gate length by the ITRS Road Map) has been the main driving force
of the microelectronics industry illustrated by Moore’s law over 30 years.1

Smaller devices on larger wafers led to larger yield, lower cost and faster
circuits. For example, in about 5 years complementary metal oxide semicon-
ductor (CMOS) transistors will be fast enough to operate at clock speeds of
roughly 15 GHz, fast enough to support data-transfer rates of 20 Gb s−1. This
will certainly lead to an interconnect bottleneck due to the current copper-
trace base technology, which worsens in terms of both speed and power be-
cause the important scaling in sizes has a negative impact on the resistance
and inductance of metal interconnects. Transfer information lengths in a single
chip are nowadays of the order of 10 km, while in 10 years they will approach
100 km. So interconnects have become the primary limit on gigascale inte-
gration causing significant propagation delays for clock signals, overheating,
information latency and electromagnetic interference. Up to now the strategy
of the microelectronic industry is to try to release this bottleneck by improving
design and material performances. However, all the potential improvements
can be costly in the future.

Optical interconnect technology is therefore an increasingly attractive al-
ternative and has become more and more essential for some industrial lead-
ers of microelectronics who are very active in this field of research. Optical
interconnects can provide much greater bandwidth, lower power consump-
tion, decreased interconnect delays, resistance to electromagnetic interference
and reduced signal crosstalk. Photonic materials in which light can be gener-
ated, guided, modulated, amplified and detected need to be integrated with
standard electronic circuits to combine information processing capabilities of
electronics with data handling of photonics.

However to be widely adopted, these converging technologies must pro-
vide significant performance breakthrough within a cost-effective engineering.

1 International Technology Roadmap for Semiconductor (ITRS) published by In-
ternational SEMATECH, Austin, TX. http://public.itrs.net/
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An optical solution could replace electrical interconnect when it has higher
performance at lower cost and strong manufacturability in high volume.

Today many commercial photonic devices are made from exotic materials
such as InP and GaAs, which make them difficult to manufacture and assemble
and, consequently, expensive. This limits their applications to special fields
such as long-haul telecommunications and wide area networks.

Silicon has remained the microelectronic industry’s semiconductor of
choice from the very beginning. Integration and economy of scale are two
key ingredients in the technological success of silicon. Because of this history,
silicon could be an ideal material to integrate both optical and electronic func-
tionalities and to achieve a monolithically integrated silicon microphotonics
leading to optics on a silicon chip.

Photonizing silicon is a major challenge for the microelectronic industry
to produce inexpensive and performing photonic devices out of silicon. On
the other hand, siliconizing photonics is a major challenge for the photonic
industry to introduce in the production processes of photonic devices the same
concepts (standardization, economy of scale, integration and roadmap) which
make the success of the microelectronic industry.

Even if some very important enabling devices, like the injection silicon
laser, have not yet been demonstrated, many important building blocks of
silicon microphotonics exist and certainly silicon will be the fastest growing
and highest volume market segment for photonic data link in the next decade.
Roadmapping is beginning to be considered very seriously for the photonics
industry. 2

This book is aimed at present the state-of-the-art in optical interconnects
in silicon and out of silicon, and all the challenges that need to be addressed
before this technology can be successfully used for data communications at
low power, high bandwidth, high speed at short distances and to resolve cur-
rent microelectronic bottlenecks by bringing optics closer to and around the
microprocessor.

The chapter by Moussavi gives an in-depth introduction on multi-level ad-
vanced interconnect networks in microelectronics and related problems that
have become the primary limit in both the performance and the energy dissi-
pations of gigascale integration.

Then follow a cluster of chapters on discrete photonic components. The
chapter by Pavesi gives an introduction to the optical properties of silicon
and to all the strategies developed to fabricate efficient light-emitting devices
paving the road for an injection laser. The chapter by Boyraz presents recent
advances in the application of stimulated Raman scattering in silicon-to-silicon
Raman laser, optical amplifiers and wavelength converters. The principle of
light modulation with silicon devices by using electro-optic and thermo-optic
effects is presented in the chapter by Libertino and Scinto. The chapter by
Zimmermann gives a review of the state-of-the-art silicon photoreceivers in-
tegrated in standard CMOS technology. The advantages of SiGe alloys for

2 http://mph-roadmap.mit.edu/about ctr/report2005
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photodetectors and optical modulators are reported in the chapter by Cassan
and coworkers.

Integrated waveguides are the common words of the next few chapters.
The chapter by Reed presents the basics of guided optics and passive de-
vices on silicon-on-insulator (SOI). The chapter by Van Thourhout presents
the challenges to realize silicon waveguides and other passive components in
silicon wafers. The chapter by Krauss discusses the mastering of light at ex-
tremely short length scales by photonic crystals to obtain photonic integrated
circuits. The fundamental challenge of in/out coupling in silicon submicronic
waveguides and the different approaches for light coupling on silicon are pre-
sented in the chapter by Orobtchouk.

The last set of chapters deals with the system approach. The chapter by
Wada and coworkers is related to new Ge photodetector, modulator and on-
chip wavelength MUX/DEMUX integrated on a silicon CMOS platform. An
industrial perspective on silicon photonics and a vision of potential future
applications are given in the chapter by Paniccia and coworkers which also
details recent key components obtained at Intel, like high-frequency CMOS
modulator and CW silicon Raman laser. The basic possibilities and limits of
free space optical interconnects are reported in the chapter by Kirk.

At the end, we would like to thank all the authors who produced very
interesting state-of-the art lectures and chapters. Last but not the least, we
also express our gratitude to all those who have contributed to the success of
the Third Optoelectronic and Photonics Winter School on Optical Intercon-
nects: the staff of the University of Trento and all the students whose par-
ticipation was lively and stimulating. Support from the University of Trento,
the Physics Department, ITC-irst within the PROFILL project, INSA-Lyon,
Hamamatsu-Italia, Laser Optronic and Spectra-Physics, Crisel-Instruments,
Advanced Technologies and Raith GmbH is gratefully acknowledged.

Trento, Lyon, Lorenzo Pavesi
November 2005 Gérard Guillot
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1

Advanced Conventional Interconnects:
State of the Art, Future Trends,
and Limitations

M. Moussavi

Summary. As design rules drop below 90 nm, a variety of challenges emerge such
as RC delay, electromigration resistance, and heat dissipation exacerbated by in-
creased chip power. The use of copper and thin barrier layers solves resistivity and
electromigration problems but not for long due to electron scattering issues’ increas-
ing the apparent resistivity. Moreover, reliability issue with respect to an efficient
diffusion barrier is a concern. Low k dielectrics allowing capacitance reduction have
low thermal conductivity and hence poor heat dissipation capability. Integration
of copper and low k dielectrics is intensively studied worldwide, and this chapter
gives an overview of the international state of the art to overcome critical issues of
advanced interconnects. Severe limitations of the conventional interconnects in the
near future act as a technology push for alternative solutions such as 3D or optical
interconnects.

1.1 Introduction

The semiconductor industry has sustained rapid technology development over
a long period of time. Since the invention of integrated circuits, the initial
material choices (silicon substrate, SiO2 gate or intermediate dielectrics, and
Al wiring) as well as processes such as metal etch or lithography have stood
the test of 45 years. With an increase of the integration density and a decrease
in the number of the interconnection design rules, the application of physics
and materials science laws has become more critical. New challenges from
new materials and architectures are growing. According to the International
Technology Roadmap for Semiconductors (ITRS) 2003 update (Tables 1.1
and 1.2), 45-nm generation is only 5 years away.

For a resistivity requirement of 2.2 μΩ cm (the sum of barrier and metal
resistivities) copper has been chosen to be integrated in a damascene archi-
tecture. The damascene architecture is a commonly used term for the process
in which the dielectric is deposited first, followed by lithography and etch,
and finally the metal (Cu) is deposited and polished. Single Damascene (SD)
is used for one-level (line) structure, while Dual Damascene concerns the
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Table 1.1. 2003 ITRS MPU interconnect technology requirements (near term)

Year of prodution

Technology node

DRAM 1/2 pitch (nm)

MPU/ASIC 1/2 pitch (nm)

MPU printed gate length (nm)

MPU physical gate length (nm)

Number of metal levels

Number of optional levels – ground planes/capacitors

Total interconnect length (m cm2)- active wiring only, excluding global
levels [1]

FIT s/m length cm-2 3 10-3  excluding global levels [2]

Jmax (A cm-2)- intermediate wire (at 1058C)

Metal 1 wiring pitch (nm)*

Metal 1 A/R (for Cu)

Interconnect RC delay (ps) for 1 mm Metal 1 line

Line length (mm) where t  = RC delay (Metal 1 wire)

Cu thinning at minimum pitch due to crosion (nm), 10% 3 height, 50% areal
density, 500 mm square array

Intermediate wiring pitch (nm)

Intermediate wiring dual damascene A/R (Cu wire/via)

Interconnect RC delay (ps) for 1mm intermediate line

Line length (mm) where t  = RC delay (intermediate wire)

Line length (mm) where t  = RC delay (global wire at minimum pitch)

Minimum global wiring pitch (nm)

Ratio range (global wiring pitches/intermediate wiring pitch)

Global wiring dual damascene A/R (Cu wire/via)

Interconnect RC delay (ps) for 1 mm global line at minimum pitch

Cu thinning at minimum intermediate pitch due to erosion (nm), 10% 3
height, 50% areal density, 500 mm square array

Cu thinning at maximum width global wiring due to dishing and erosion (nm), 
10% 3height, 80% areal density

Cu thinning global wiring due to dishing (nm),100 mm wide feature

Conductor effective resistivity (mW cm) Cu intermediate wiring

Barrier/cladding thickness (for Cu intermediate wiring) (nm) [3]

Interlevel metal insulator (minimum expected) - effective dielectric constant 
(k )

Interlevel metal insulator (minimum expected) - bulk dielectric constant (k )

2003

100

120

65

45

9

579

240

1.6

191

79

19

320

105

107

27

475

42

169

168

30

3.3-3.6

<3.0

2.2

12

1.5-5.0

2.1/1.9

1.7/1.5

8.6

3.7x105

4

80

95

45

32

907

190

1.7

284

55

16

69

20

360

69

112

176

24

3.1-3.6

<2.7

2.2

9

1.5-6.7

2.2/2.0

182

240

1.7/1.5

5.5

6.8x105

11

4

2005

70

85

40

28

1002

170

1.7

355

46

14

58

18

320

87

93

158

21

3.1-3.6

<2.7

2.2

8

1.5-6.7

2.2/2.0

224

215

1.7/1.6

5.0

7.8x105

11

4

2006

65

76

35

25

1117

152

1.7

384

41

13

53

18

290

92

83

172

19

2.7-3.0

<2.4

2.2

7

1.5-8.0

2.2/2.0

229

195

1.8/1.6

4.5

1.0x106

11

4

2007

hp65

90

107

53

37

688

214

1.7

224

65

18

83

23

410

55

132

193

29

3.1-3.6

<2.7

2.2

10

1.5-6.7

2.1/1.9

139

275

1.7/1.5

7.3

5.0x105

10

4

2004

hp90

57

67

32

22

1401

134

1.8

477

34

12

43

15

260

112

69

160

17

2.2

2.7-3.0

<2.4

6

1.5-8.0

2.3/2.0

288

174

1.8/1.6

3.6

1.4x106

12

4

2008

50

60

28

20

1559

3.3

120

1.8

595

28

11

37

10

234

139

59

144

15

2.2

2.7-3.0

<2.4

6

1.5-8.0

2.3/2.0

358

156

1.8/1.6

2.5x106

12

4

2009

*Refer to Executive Summary Figure 4 for definition of Metal 1 pitch

Manufacturable solutions exist and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known

Interim solutions are known

process of both via and line level simultaneously. In conventional architec-
ture the metal (Al) is deposited first; then the process continues with litho,
etch, and dielectric deposition. The interlevel metal–insulator effective dielec-
tric constant requirement in the range of 1.5–2 can be achieved by using
porous silica. The following sections describe, step by step, critical issues in
the integration of these materials with reference to recent publications. The
main issue to address is the power density increase and heat dissipation. This
is why conventional interconnects may come to an end and let the field open
to alternative solutions such as 3D integration or optical interconnects.
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Table 1.2. 2003 ITRS MPU interconnect technology requirements (long term)

2010

hp45

45

34

25

18

12

4

1784

2.8

108

1.8

616

25

10

380

32

12

143

52

155

14

2.2

5

2.3-2.6

<2.1

205

1.5-10

135

1.8/1.6

2.3/2.1

3.0x106

4

8

4

35

42

20

14

12

2214

2.3

84

1.8

963

18

552

10

220

37

127

2.2

2.3-2.6

<2.1

13

165

1.5-10

23

110

2.3/2.1

1.9/1.7

3.7x106

2012

hp32

32

38

18

13

12

4

2544

2.0

76

1.9

970

15

7

614

9

248

30

148

2.2

3.5

2.0-2.4

<1.9

10

140

1.5-13

19

95

2.4/2.2

1.9/1.7

4.3x106

2013

4

6

7

3

9

25

30

14

10

13

3544

1.4

60

1.9

1510

11

908

354

23

122

2.2

2.0-2.4

<1.9

117

1.5-13

14

78

2.4/2.2

1.9/1.7

5.1x106

2015

22

27

13

9

14

4

4208

1.2

54

2

2008

9

5

1203

7

452

19

130

2.2

2.5

<2.0

<1.7

8

100

1.5-16

11

65

2.5/2.3

2.0/1.8

5.8x106

hp22

2016

18

21

10

7

14

4

5035

1.0

42

2

2679

6

4

55

1552

6

83

618

13

130

2.2

2

<2.0

<1.7

7

1.5-16

8

2.5/2.3

2.0/1.8

6.9x106

2018year of prodution

Technology node

DRAM 1/2 pitch (nm)

MPU/ASIC 1/2 pitch (nm)

MPU printed gate length (nm)

MPU physical gate length (nm)

Number of metal levels

Number of optional levels – ground planes/capacitors

Total interconnect length (m cm-2)- active wiring only, excluding global levels [1]

FIT s/m length cm-2 � 10-3  excluding global levels [2]

Jmax (A cm-2) – intermediate wire (at 1058C)

Metal 1 wiring pitch (nm)*

Metal 1 A/R (for Cu)

Interconnect RC delay (ps) for 1 mm Metal 1 line

Line length (mm) where t  = RC delay (Metal 1 wire)

Cu thinning at minimum pitch due to crosion (nm), 10% 3 height,
50% areal density, 500 mm square array

Intermediate wiring pitch (nm)

Intermediate wiring dual damascene A/R (Cu wire/via)

Interconnect RC delay (ps) for 1mm intermediate line

Line length (mm) where t  = RC delay (intermediate wire)

Line length (mm) where t  = RC delay (global wire at minimum pitch)

Minimum global wiring pitch (nm)

Ratio range (global wiring pitches/intermediate wiring pitch)

Global wiring dual damascene A/R (Cu wire/via)

Interconnect RC delay (ps) for 1 mm global line at minimum pitch

Cu thinning at minimum intermediate pitch due to erosion (nm), 10% 3
height, 50% areal density, 500 mm square array

Cu thinning global wiring due to dishing (nm),100 mm wide feature

Conductor effective resistivity (mW cm) Cu intermediate wiring

Barrier/cladding thickness (for Cu intermediate wiring) (nm) [3]

Interlevel metal insulator  - effective dielectric constant (k )

Interlevel metal insulator (minimum expected) - bulk dielectric constant (k )

*Refer to Executive summary Figure 4 for definition of Metal 1 pitch

Manufacturable solutions exits,and being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known

Interim solutions are known

Cu thinning at maximum width global wiring due to dishing and erosion (nm), 
10% 3height, 80% areal density

1.2 Interconnect Schemes Analysis

As reported previously [1], simultaneous optimization of RC delay and
crosstalk is incompatible and the impact of technological evolutions will
involve design solutions to improve crosstalk. For a given generation, RC
reduction can be achieved by either relaxing the pitch [2] or changing the
material. In this section, we present RC analysis only with material change.
The dimensions (metal width and space) for each generation correspond to the
minimum requirements of the ITRS. Effective (barrier and metal) resistivities
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0.1 0.15 0.2 0.25 0.3

R
C

 (
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u.
)

Design rule (mm)

Al/SiO
2

Al/low k

Cu/SiO
2
-SiN

Cu/low k

Cu/air

(k = 4.5)

(k = 3)

(k = 5)

(k = 3)

(k = 1)

Fig. 1.1. Simulation results on RC evolution with design rules

Self aligned Via first Trench first Top hardmask

Fig. 1.2. Integration schemes for Dual Damascene interconnects

of 3.5 μΩ cm for Al and 2.2 μΩ cm for Cu have been chosen. The metal height
remains constant in all design rules. The simulation results are presented in
Fig. 1.1.

These results show clearly that from 0.25 to 0.1 μm, substitution of Al by
Cu and SiO2 by k = 3 and k = 2 dielectric materials keeps RC quasiconstant,
while an unchanged combination of metal and dielectric drastically increases
the parasitics in the following generation.

As no viable etching process is available for Cu, Dual Damascene architec-
ture is adopted. Via and trench filling simultaneously is another advantage.
Different strategies for Dual Damascene structure fabrication have been de-
veloped and are classified into two categories (self-aligned and not self-aligned
structures). Figure 1.2 shows various architectures to achieve Dual Damascene
structures with the integration of advanced low k dielectrics:

1. Self-aligned structure
2. Via first at trench level
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Shift = 0

After etch After Cu fill & CMP

P07 A r c h i t e c t u r e V I A S F I R S T
5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

P07 A r c h i t e c t u r e V I A S F I R S T
5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

WDG

WDG

Shift = 0

Shift : X = Y = +0.18 mm

WD7
ELIM SIN+EKCAPRESP02

ARCHIT VIAS FIRST

WD7
ELIM SIN+EKCAPRESP02

ARCHIT VIAS FIRST

Shift 0
Tint 15�

5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

Shift x=y=+0.18 mm
Tint 15�

Shift X=Y= +0.18 mm

Fig. 1.3. Via first at via level (self-aligned structure) SEM views

Shift = 0

After etch After Cu fill & CMP

P07 A r c h i t e c t u r e V I A S F I R S T
5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

P07 A r c h i t e c t u r e V I A S F I R S T
5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

WDG

WDG

Shift = 0

Shift : X = Y = +0.18 mm

WD7
ELIM SIN+EKCAPRESP02

ARCHIT VIAS FIRST

WD7
ELIM SIN+EKCAPRESP02

ARCHIT VIAS FIRST

Shift 0
Tint 15�

5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

5 8 5 3 P X 5 0 . 0 K 6 0 0 n m

Shift x=y=+0.18 mm
Tint 15�

Shift X=Y= +0.18 mm

Fig. 1.4. Via first at trench level (not self-aligned structure) SEM views

3. Trench first
4. Top hard mask to avoid any contact between photoresist materials and

nitrogen content dielectrics to prevent resist poisoning

In all examples, the absence of shift between lines and vias leads to a well-
defined structure. In the case of misalignments, the self-aligned strategy allows
reduced via size and as-designed metal space, while the second strategy gives
a reduced metal space and as-designed via size as shown in Figs. 1.3 and 1.4.

1.3 Technological Issues

Recent significant progress on 193-nm lithography (immersion) allows the ex-
tendibility of DUV techniques to 45 nm. Beam lithography has been used for
extremely narrow geometries with available negative photoresists as illustrated
in Fig. 1.5.
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Fig. 1.5. eBeam direct writing with 45-nm target in an SRAM

To verify the results predicted by the simulation model, one has to fabri-
cate a multilevel interconnect structure with new materials. Two approaches,
commonly called via first and trench first architectures, have been studied.
In both cases similar process challenges exist. Different steps with potential
issues are listed:

1. Low k dielectric main issues:
– Effective dielectric constant due to the use of SiO2-like materials as a

capping layer
– Adhesion to the under layer, which imposes an adhesion promoter layer
– Moisture absorption, which increases the dielectric constant
– Mechanical and thermal stabilities as well as heat dissipation are gen-

erally poor due to the porosity of the materials
– Chemical compatibility with different reactants

Concerning isolation, the material impact on total capacitance and ther-
mal conductivity is summarized in Fig. 1.6. The total capacitance has been
measured with intermetal line low k and interlayer SiO2. Xerogel dielectrics
(k = 2.4) allow close to 50% reduction of the capacitance but their thermal
conductivity is ten times smaller than SiO2, which may cause reliability issues.

2. Dielectric etching and stripping (after lithography) issues
– Trench and via profiles
– Compatibility of strippers with low k materials
– Cu cleaning (via)

The etching of low k materials can be quite challenging as described by
the Bell Labs [3]. Fluorocarbon chemistry with high bias power is commonly
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Fig. 1.6. Thermal conductivity and impact of space variation on lateral capacitance
for various dielectric materials

Fig. 1.7. 0.16 μm via etch of low k dielectric showing bowed profile and hard mask
undercut

used to disrupt the strong Si–O bonds, whereas in the case of a pure organic
dielectric, SiLK material for example, the active etchant in oxygen straight
profile is however difficult to achieve (Fig. 1.7). In an HDP tool, the high
degree of gas phase dissociation leads to high concentration of atomic oxygen,
thereby producing some bowing. Moreover, hard mask undercut after line and
via etch of small features is a handicap for void-free metallization (Fig. 1.7).
The ultimate solution for dielectric materials is approaching air (k = 1).
Robust process to perform air gap structures is in progress (Fig. 1.8).

Conventional dilute HF process is efficient for sidewall Cu contamina-
tion cleaning. However, Cu loss cannot be avoided. In addition, due to
the relative porosity of advanced low k materials, new cleaning chemistries
have to be developed for resist stripping at hard mask level [4].

3. Diffusion barrier deposition issues:
– Conformality
– Barrier resistivity and performance versus thickness
– Adhesion to Cu and the underneath dielectric
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Wet etch (HF)

k  = 1.2

Fig. 1.8. Process for air gap structures
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Cu+ (7 nm/200 m W cm) barrier

Fig. 1.9. Effective resistivity of metal plus barrier for two different combinations
of barrier resistivity and thickness. This plot has been computed using Table 1.1
aspect ratio

New barrier studies suitable for more aggressive features are focused on
CVD WxN [5] or TaN [6] and electrolessly deposited Co(P) or Ni(P) [7]. How-
ever, the integration capability of these materials for below 0.18-μm geometries
has to be demonstrated. For example, the minimum thickness for which bar-
rier performance data of electroless CoW(P) material are available is 50 nm.
As shown in Fig. 1.9, effective resistivity of 2.2 μΩ cm can be obtained by ei-
ther decreasing drastically the thickness of a 200-μΩcm barrier (down to 7 nm
for 0.1 μm metal width) or selecting an 8-nm thick layer of a 30-μΩ cm bar-
rier. For the line level, the thickness impact is much more important than the
resistivity value.
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4. Cu deposition issues:
– Conformality (filling capability of new techniques).
– Adhesion and purity of the films due to CVD precursors or intensive

use of additives in electroplating chemistries.
– Combinations of Cu IMP or CVD seed layer with electroplating tech-

niques have already been reported. The issue of filling small features
can be addressed in the case of superconformal or bottom-up Cu fill-
ing [8].

5. Cu chemical mechanical polishing (CMP) issues:
– Process compatibility with low k/barrier/Cu stack in terms of me-

chanical and chemical stability
– Copper dishing and oxide erosion

As reported by Sematech [9], polishing xerogel damascene structures is
difficult due to the poor mechanical strength of the film, which necessitates
the deposition of both conformal oxide liner (at line level and after etch) and
capping layer. New approaches combining planar electroplating of copper and
electrochemical–mechanical polishing of Cu are being introduced (Fig. 1.10)

Finally, the increase in resistance of Cu as the Cu line shrinks is the major
issue that the IC industry will face. This is due to the predominance of electron
scattering that will neutralize the bulk favorable resistivity of Cu [10].

1.4 Electrical Results: State of the Art

In this section we give some integration examples, including comparative elec-
trical results in terms of RC reduction with different metal/dielectric combi-
nations.

LuminaCu ECMD
Deposition Module: Schematic

Upper Champer: EBR

Lower Champer: ECMDAnode

EBR/Rinse
Nozzles

Planarization
Pad

Fig. 1.10. eCMP chamber schematic (courtesy of Nutool, an ASMI company)
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Fig. 1.11. Relative third-metal capacitance as a function of via height (Courtesy
of IBM [11])

Our simulation model presented in Sect. 1.2, has been validated by exper-
imental reduction of 40% RC between Cu/SiLK and Cu/SiO2 for 0.18-μm
double-level metal interconnect [11].

IBM [12] recently presented a relative third-metal capacitance compari-
son between various metal/dielectric combinations: Cu/undoped silica glass
(USG) (k = 4.1), Al/fluorinated silica glass (FSG) (k = 3.6 – no barrier
layers between either Al line or W vias and the FSG dielectric), Cu/FSG
(k = 3.6) and Cu/Hitachi silica glass (HSG) (k = 2.9). For the minimum
pitch of 0.63 μm and constant line resistance, Cu/FSG results in a 10% reduc-
tion in the total RC delay relative to Al/FSG case or Cu/HSG compared with
Cu/FSG (Fig. 1.11). Using flare material (k = 2.8), more than 30% reduction
of wiring capacitance was obtained for 0.24/0.24 μm line/space in compari-
son with TEOS dielectric (Matsushita [13]). Lower permittivity values can
be obtained with porous silica. Sematech has already reported Cu/xerogel
integration [9] (Figs. 1.12 and 1.13).

The limitations of copper metallization, low k integration as well as ex-
amples of alternative materials or combination of materials for barriers and
capping layers have been described in a recent article in Semiconductor Inter-
national by Singer [14]. Technology and reliability issues have been reported
by Saraswat [15].

Despite new material introduction that is already very challenging, power
density increase by design (due to the shrinkage required for the structures
and multiple functions to be integrated in a device) is the major issue in
advanced circuits ( [16] and Fig. 1.14)

1.5 Future Trends

3D integration is motivated by the possibility of:

1. Integration of heterogeneous technologies such as memory and logic to-
gether with optical I/O
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Fig. 1.13. TEM image of Cu filled 0.35 mm trench in xerogel. (Courtesy of
Sematech [9])

2. The chip footprint being drastically reduced compared to 2D integration
3. Long horizontal wires being replaced by short vertical wires
4. Interconnect length being reduced and therefore R, L, C that being

reduced, thereby contributing to power and delay reduction

Optical interconnects can be the only alternative solution to overcome the
issue of speed and power. For a given technology node, optical interconnects
are faster than repeated wires beyond a critical length. For a 45-nm node,
for example, the critical length is 5 mm, assuming that the total delay in an
optical interconnect system is the sum of transmitter delay, receiver delay,
and waveguide delay (assumed simplistic of 11.5 ps mm−1). Waveguide delay
dominates after 15 mm [17].
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Power Density Extrapolation

Gelsinger's Slide from ISSCC 2001

Fig. 1.14. Power extrapolation for different technologies of microprocessors
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Optical Gain in Silicon and the Quest
for a Silicon Injection Laser�

L. Pavesi

Summary. In this chapter, a review of the reported approaches to achieve an in-
jection silicon laser is presented. After an initial discussion of the basics on light
amplification and gain in semiconductor, we consider the limitations of silicon, in
particular its band structure. A short introduction to the first optically pumped sil-
icon laser is given. Then the various approaches to get an injection silicon laser are
presented and evaluated: bulk silicon, silicon nanocrystals, and Er-coupled silicon
nanocrystals.

2.1 Basics on Light Amplification and Gain

A laser is based on three main components (Fig. 2.1): an active material that
is able to generate and amplify light by stimulated emission of photons, an
optical cavity that provides the optical feedback to sustain the laser action,
and a pumping mechanism that is able to excite the active material such
that population inversion can be achieved [1]. In an injection diode laser the
pumping mechanism is provided by carrier injection via a p–n junction and
the optical feedback is provided by a Fabry–Peròt cavity. The use of elec-
trical injection makes the device particularly interesting for integration with
microelectronics.

The light generation property of an active material is quantified by the
internal quantum efficiency, ηint. ηint gives the ratio between the number of
photons generated to the number of electron–hole pairs that recombine. This
number is given by the ratio between the electron–hole (e–h) radiative re-
combination probability over the total e–h recombination probability, i.e., by
the fraction of all the excited e–h pairs that recombine radiatively. It easy to
demonstrate that ηint = τnr/ (τnr + τr), where τnr and τr are the nonradiative

� This chapter is an up-to-date version of the article published in Materials Today
8 (January 2005) 18
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Fig. 2.1. Basic components of a laser

and radiative lifetimes, respectively. Thus in order to have a high ηint either
the radiative lifetime should be short (as in direct banggap semiconductors)
or the nonradiative lifetime should be long (as in color center systems).

The property of amplifying light is given by the gain spectrum of the
material. For a bulk semiconductor it is related to the joint density of states
ρ(h̄ω), the Fermi inversion factor fg(h̄ω), and the radiative lifetime:

g (h̄ω) dΦ (h̄ω) = drstim (h̄ω) − drabs (h̄ω)

=
λ2

8πτr
ρ (h̄ω) fg (h̄ω) Φ (h̄ω) dz,

(2.1)

where g is the gain coefficient, dΦ the change in the photon flux, drstim or
drabs the rate of stimulated emission or absorption at a given photon energy
h̄ω, respectively, fg(h̄ω, Ee

F, Eh
F, T ) =

[
fe(h̄ω, Ee

F, T ) − (1 − fh(h̄ω, Eh
F, T )

)]
,

fe and fh are the thermal occupation functions for electrons and holes, and Φ
the photon flux density. Ee

F and Eh
F are the quasi-Fermi levels for electrons and

holes, respectively. When no external pumping is present, the Fermi inversion
factor reduces to the simple Fermi statistics for an empty conduction band and
a filled valence band (fg < 0) and the gain coefficient reduces to the absorption
coefficient α. When an external pump excites a large density of free carriers,
the splitting of the quasi-Fermi levels increases and when Ee

F − Eh
F > h̄ω the

condition of population inversion is verified and fg > 0. This means that (2.1)
is positive and hence the system shows positive net optical gain (g > 0). Note
that in (2.1) a critical role is played by the radiative lifetime: the shorter the
lifetime the stronger the gain.

For an atomic system, the expression of the gain coefficient reduces to

g (h̄ω) = σem (h̄ω) N2 − σabs (h̄ω) N1, (2.2)

where σem is the emission cross-section, σabs the absorption cross-section,
N2 and N1 the density of active centers in the excited and ground states,



2 Optical Gain in Silicon 17

respectively. If σem = σabs, the condition to have positive optical gain is that
N2 > N1, i.e., the condition of population inversion. The emission cross-
section is related to the radiative lifetime by the Einstein relation

σem(ν) =
λ2

8πτrad
ℵ(ν), (2.3)

where ν is the frequency, ℵ(ν) the lineshape function associated to the optical
transition. Also in (2.3) the radiative lifetime enters. If a piece of active
material of length L is used to amplify light, one achieves light amplifica-
tion whenever the material gain g is positive and larger than the propagation
losses αp of the light through the material, i.e., g > 0 and g > αp. If the system
is forged as a waveguide of length L, and we call IT and I0 the intensity of the
transmitted and of the incident beams, the amplification factor of the light
is then

G = IT/I0 = exp [(Γg − αp) L] > 1, (2.4)

where Γ is the optical confinement factor of the optical mode in the active
region. In a laser, optical feedback is usually provided by a Fabry–Peròt cavity
so that the round trip gain (the overall gain experienced by a photon traveling
back and forth across the cavity) can be larger than 1. This condition is
expressed by the relation G2R1R2 > 1, where R1 and R2 are the back and
front mirror reflectivities. For an injection laser it is simple to demonstrate
that the injection current density at threshold Jth is equal to

Jth =
αr + α

α

e


ηiτr
ΔnT, (2.5)

where αr are the resonator losses experienced by light traveling in the cavity,
which also includes the mirror losses αm = (1/2L) ln(1/R1R2), and 
 the
active region thickness and ΔnT the transparency excess free carrier density.
ΔnT is related to the material properties, while the other parameters can be
optimized by proper cavity design to reduce the threshold current. Note that
in (2.4) the internal quantum efficiency is present.

2.2 Limitation of Silicon for Light Amplification

Among the various semiconductor materials that have been used to form
lasers, the absence of silicon is striking. Let us review why Si has not been
used as a laser material until now [2–4]. Si is an indirect bandgap semicon-
ductor. As a consequence, the probability for a radiative recombination is
low, which in turn means that the e–h radiative lifetime is long, of the order
of some milliseconds. An e–h pair has to wait on average a few milliseconds
to recombine radiatively. During this time both the electron and the hole
move around and cover a volume of the order of 10 μm3. If they encounter
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a defect or a trapping center, the carriers might recombine nonradiatively.
Typical nonradiative recombination lifetimes in Si are of the order of some
nanoseconds. Thus, in electronic-grade silicon the internal quantum efficiency
ηint is about 10−6. This is the reason why silicon is a poor luminescent mater-
ial: the efficient nonradiative recombinations that deplete the excited carriers
rapidly. Many strategies have been researched over the years to overcome this
silicon limitation, some of which are based on the spatial confinement of the
carriers, some on the introduction of impurities, some on the use of quantum
confinement, and others on the use of Si–Ge alloys or superlattices [2].

In addition, two other phenomena limit the use of Si for optical amplifi-
cation (see Fig. 2.2). The first is a nonradiative three-particle recombination
mechanism where an excited electron (hole) recombines with a hole (elec-
tron) by releasing the excess energy to another electron (hole). This is called
nonradiative Auger recombination mechanism (Fig. 2.2a). This recombination
mechanism is active as soon as more than one carrier is excited. The prob-
ability of an Auger recombination is directly proportional to the number of
excited carriers and inversely proportional to the bandgap energy [5]. For our
discussion this is a very relevant mechanism because the more excited is the
semiconductor, the more effective is the Auger recombination. The probabil-
ity for an Auger recombination in a bulk material is proportional to Δn3,
we can thus write a nonradiative recombination lifetime due to Auger as
τA = 1/CΔn2, where C is a constant which depends on the doping of the
material. For silicon C ∼ 10−30 cm6 s−1 [5]. For Δn ∼ 1019 cm3, τA = 10 ns.
The Auger recombination is the dominant recombination mechanism for high-
carrier injection rate in Si.

The second phenomenon is related to free carrier absorption (see Fig. 2.2b).
Excited carriers might absorb photons and thus deplete the inverted popula-
tion and, at the same time, increase the optical losses suffered by the signal
beam. The free carrier absorption coefficient can be empirically related to the
Si free carrier density nfc and to the light wavelength λ as αn ∼ 10−18nfcλ

2

at 300 K [6]. For nfc = 1019 cm−3 and λ = 1.55 μm, αn = 24 cm−1. For heavily

Probe beam

(a) (b)

Fig. 2.2. (a) Auger process. (b) Free carrier absorption process. The wavy lines
represent the band structure of silicon
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doped Si this is the main limitation to lasing, while for intrinsic Si this con-
tribution can be exceedingly small, unless nfc is very high as in a laser. In a
confined system, such as Si nanocrystal, this recombination mechanism is due
to confined carriers and, hence, is called confined carrier absorption.

2.3 Various Approaches to a Silicon Laser

In the early 2000s a series of articles appeared that questioned the common
belief that silicon cannot be used to form a laser [7–10]. In October 2004, the
first report on a silicon laser appeared [11], while in February 2005 the first
continuous wave (CW) Raman laser integrated in silicon was reported [12].

2.3.1 Silicon Raman Laser

It is based on the stimulated Raman scattering (SRS) mechanism, which ap-
pears in a silicon waveguide when a very high-power pump laser is coupled
in [11]. SRS is a well-known effect in fiber optics, indeed it is used to realize
all optical fiber amplifiers. Raman scattering is a nonlinear optical process
that can be seen as an inelastic scattering of photons by lattice vibrations
(phonons) (Fig. 2.3a). Conservation of the energy requires that if a phonon is
excited (Stokes’ process)

h̄ωin = h̄ωout + h̄ωph, (2.6)

where a photon of energy h̄ωin has been scattered to an energy h̄ωout by
creating a phonon whose energy h̄ωph is almost equal to 15.6 THz in Si. When
a high-intensity pump beam is launched in an optical fiber together with a
weak signal beam with an energy difference, that is equal to a phonon energy,
the weak signal beam stimulates Raman scattering processes that involve the
strong pump beam. In this way optical power is transferred from the pump
beam to the signal beam, yielding an overall amplification of the signal beam.
It appears that this SRS is much more efficient in silicon waveguides than in
silica optical fiber: the Raman gain cross-section in silicon is five orders of
magnitude larger [12]. In fact Raman amplifiers have been demonstrated in
silicon waveguides with waveguide length of a few cm while in optical fiber
amplifiers some km long fibers are needed to have the same gain.

Unfortunately, when an intense light beam travels through silicon it may
happen that two photons add up their energies so that silicon is no longer
transparent, i.e., two-photon absorption occurs, and electrons and holes are
created (panel b in the figure). A cloud of free carriers forms in the waveguide
channel and the optical losses of the waveguide increase dramatically due to
free carrier absorption, which weakens both the pump and signal beam: in
this situation no SRS is possible and the gain coefficient becomes negative
(Fig. 2.3b).
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Fig. 2.3. (a) SRS effect: blue pump light, red signal light, black wavy lines phonons,
gray circles Si atoms; (b) free carriers induced absorption of pump and signal light:
yellow and light blue disks are free carriers; (c) a top view of the silicon Raman
structure: the pump light is channeled into the laser by an optical fiber (brown
lines), the laser light exits the laser via the same optical fiber, the active waveguide
is S-shaped to increase the effective length and reduce the device footprint, reflective
coating (orange) is used to increase the facet reflectivity; (d) cross-section of the
active part of the device: light gray refers to the n-hyphen and p-type doped regions
of the device, white is the oxide cladding layer, dark gray is the active region formed
by a rib waveguide in silicon; the red region corresponds to the optical laser mode.
When the device is reverse biased electrons (yellow disks) and holes (light blue) are
swept away from the optical mode region. (e) The same device forward biased: free
carriers are injected into the active region and the optical mode (pink) is strongly
attenuated

To avoid free carrier absorption, a pulsed pump beam with pulses shorter
than the typical lifetime of the free carriers was used. Then by using an 8-m
long single mode optical fiber, the exit of a 3-cm long waveguide was looped
back into the entry: the signal photons recycled into the waveguide. Thus
the signal got multiple amplifications and, eventually, the laser threshold was
overcome and laser light exited from the waveguide. The first pulsed silicon
laser with a fiber loop cavity was fabricated [11].

Shortly after, in January 2005 Intel’s team demonstrated the first all-
silicon-pulsed Raman laser [12]. It was based on an S-shaped silicon rib
waveguide resting on a silicon on insulator (SOI) wafer (Fig. 2.3c). The S-shape
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was used to have a 4.8-cm long waveguide while maintaining a small footprint
as real estate on a silicon chip is extremely expensive. The exact emission
wavelength is determined by the pump wavelength and the cavity details. By
changing the cavity length it is possible to get various wavelengths out of a
single pump wavelength within a very narrow interval.

In February 2005, the same team reported a continuous wave all-silicon
Raman laser [12]: the free carriers generated by two-photon absorption in the
waveguide channel are driven away by using an electric field generated by
a reverse biased p–i–n diode (Fig. 2.3d). The two electrodes collect the free
carrier generated by the two-photon absorption allowing continuous wave and
stable laser emission. Interestingly, the microelectronic properties of silicon (a
current can flow through) are applied to drive its nonlinear optical properties.

The same idea was used to chop a pulsed Raman laser on and off by
injection of free carriers in the silicon waveguide with a forward bias p–i–n
diode formed across the silicon waveguide [11]: free carriers absorb light and
switch off the laser (Fig. 2.3e). Despite the interest of direct modulation to
code-in data stream electrically, the modulation frequency is still too low.

2.3.2 Bulk Silicon Light-Emitting Diodes

The common belief that bulk silicon cannot be a light-emitting material has
been severely questioned in a series of recent works. The most interesting one
was published in 2001 [9]. An Australian group noticed that world-record solar
cells are characterized by extremely long carrier recombination lifetimes of the
order of some milliseconds. That is, the recombination lifetime is of the order
of the radiative lifetime, hence ηint is of the order of 1. Then, if the solar cell
is biased in the forward regime instead of the usual reverse regime, the solar
cell could behave as a very efficient light-emitting diode (LED).

Figure 2.4 shows a schematic of the device and a room temperature emis-
sion spectrum. To increase the light extraction efficiency, the LED surface
was texturized so that most of the internally generated light impinged on
the external surface of the cell with an incident angle lower than the criti-
cal angle for total internal refraction. Thus the light extraction efficiency was
increased from a few percentages, typical of a flat surface to almost 100%
for the texturized LED. Finally, to reduce free carrier absorption to a min-
imum, the electrodes, i.e., the heavily doped regions, were confined in very
thin and small lines. By using these three practices, a plug-in efficiency (ratio
of the optical power emitted from the LED to the electrical driving power)
larger than 1% at 200 K was achieved. Most interesting is that the turn-on
voltage of the device was the same as the forward bias of the solar cell, i.e.,
less than 1 V.

The same research group also published a theoretical paper [14] that ques-
tioned one common belief that indirect bandgap materials could not show
optical gain because of parasitic absorption processes due to free carrier [15].
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Indeed they demonstrated that optical gain is theoretically possible and
pointed out that the most suitable energy region is the sub-bandgap region
where processes involving phonons could help in achieving gain.

These theoretical arguments have been partially confirmed in a recent
study where stimulated emission has been observed (see Fig. 2.5) [16]. As the
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limit to efficient light generation in Si is the short nonradiative lifetime, the
idea was to avoid carrier diffusion and to spatially localize free carriers in a
small device region where nonradiative recombination centers can be easily
saturated. To localize carriers, in a study ion implantation has been used to
induce dislocation loops at the junction of a p–n diode [10]. The dislocation
loops cause local strain fields, which in turn increase locally the energy gap
causing a potential barrier for carrier diffusion. LEDs based on this idea were
realized.

Other researchers realized carrier localization by spin-on doping of small
silica nanoparticles at the junction of a p–n diode (Fig. 2.5) [16]. The current–
voltage I –V characteristic of the diode shows rectifying behavior with a clear
threshold in the light–current L–I characteristic. A change from a broad
emission spectrum characteristic of band-to-band emission below threshold
to sharp peaks due to stimulated emission above threshold is also observed.
Stimulated emission is observed for a two-phonon indirect transition as it was
theoretically predicted. Furthermore, when the injection current significantly
exceeds the threshold, a single peak dominates. All these results are very en-
couraging since the proposed systems have excellent electrical qualities as they
are p–n junctions. The main problem with the bulk Si approach is related to
the presence of a large enough gain to overcome possible free carrier losses,
which to date is still unclear. However, in light of the present state of the art,
a laser made with bulk silicon seems within easy reach.

2.3.3 Optical Gain in Si Nanocrystals

Another interesting approach to form light emitters and amplifiers in Si is
to use small Si nanoclusters (Si-nc) dispersed in a dielectric matrix, most
frequently SiO2 [2]. With this approach one maximizes carrier confinement,
improves the radiative probability by quantum confinement, shifts the emis-
sion wavelength to the visible and controls it by Si-nc dimension, decreases
the confined carrier absorption due to the decreased emission wavelength, and
increases the light extraction efficiency by reducing the dielectric mismatch
between the source materials and the air. Various techniques are used to form
Si-nc whose size can be tailored in a few nm range (Fig. 2.6).

Starting with a silicon-rich oxide, which can be formed by deposition,
sputtering, ion implantation, cluster evaporation, etc., a partial phase separa-
tion is induced by thermal annealing. The duration of the thermal treatment,
the annealing temperature, the starting excess Si content all determine the
final size of the cluster, the dispersion in size, which can be significant, and
the Si-nc crystalline nature. The size dispersion is usually claimed as the
source of the broad emission lineshape that at room temperature is typical
of the Si-nc emission spectra. However, both size-selected deposition [17] and
single Si-nc luminescence experiments [18] demonstrate that most of the lu-
minescence broadening is intrinsic in nature. The active role of the interface
region in determining the optical properties of Si-nc has been highlighted
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Fig. 2.6. Si nanocrystals formation, structure, and luminescence spectrum

in a joint theoretical and experimental article [19]. The origin of the lumi-
nescence in Si-nc is still unclear; many authors believe that it comes from
confined exciton recombination in the Si-nc [20] while others support a defect-
assisted recombination mechanism where luminescence is due to recombina-
tion of carriers trapped at radiative recombination centers, which form at the
interface between Si-nc and the dielectric [21] or even in the dielectric [22].
One candidate for these centers is the silanone bond, which is formed by
a double Si–O bond [23]. The most probable nature of the luminescence
in Si-nc is a mechanism that involves both recombination paths: excitons
at about 800 nm and trapped carriers on radiative interface state at about
700 nm. Indeed passivation experiments show that the intensity and lineshape
of the emission can be influenced by exposition to hydrogen gas or by further
oxidation [24].

A number of papers reported observation of optical gain in these systems
[7,25–32]. Gain was observed in many different experiments in Si-nc formed by
many different techniques. Figure 2.7 reports a summary of the most relevant
data taken on Si-nc formed by plasma enhanced chemical vapor deposition
(PECVD) [25–27]. Two techniques are reported here: the variable stripe length
method (VSL), which is sketched in the inset of Fig. 2.7 and is based on the
one-dimensional amplifier model [26]; and the pump–probe technique, which
is based on the probe amplification in the presence of a high-energy and high-
intensity pump beam [27]. In the VSL method by varying the pumped region
extent (whose length is z) one measures the amplified spontaneous emission
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(IASE) signal coming out from an edge of a waveguide whose core is rich
in Si-nc:

IASE(z) =
Jsp(Ω)
gmod

(egmodz − 1) ,

where Jsp(Ω)is the spontaneous emission intensity emitted within the solid
angle Ω and gmod is the net modal gain of the material, defined as gmod =
Γgm − α.

Data reported in Fig. 2.7 show that the ASE intensity increases sublinearly
with the pumping length when the pumping power is lower than a threshold.
For pumping power higher than threshold, the ASE signal increases more
than exponentially. This is a consequence of the pump-induced switching from
absorption (gmod < 0) to gain (gmod > 0).

In addition if time-resolved measurements are performed (Fig. 2.7, right,
top panel) [27], the ASE decay lineshape shows two time regimes: a fast decay
within the first ns and a slow time decay with typical time constant of few μs.
It is well known that Si-nc have time decay constant of some μs, so the appear-
ance of a ns-time decay is at first surprising. What is important is the fact that
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26 L. Pavesi

the fast decay appears only if both the pumping power and excitation volume
are large. If one decreases the excitation volume at high power or the pumping
power at large excitation volume the fast decay disappears. This can be under-
stood if the fast decay is due to stimulated emissions. In fact, at high pumping
rates three competitive paths open: stimulated emission, Auger recombina-
tion, and confined carrier absorption. All these could be the cause of the fast
decay. In particular, the Auger lifetime and the confined carrier absorption
lifetime can be modeled in a Si-nc by τA = (1/CA)Nex and τCC = 1/2CCCNex,
where CA and CCC are coefficients and Nex is the density of excited re-
combination centers. Nex is directly proportional to the pumping power
and not to the pumping volume. Thus when decreasing the pumping length
the ASE lineshape should be unchanged. On the other hand, by a simple
rate equation modeling [33], the stimulated emission lifetime turns out to be
τse = 4

3πR3
NS(1/ξσgcnph), where RNS is the average radius of the Si-nc, ξ their

packing density, σg the gain cross-section, and nph the photon flux density.
Note that τse depends on the material properties (RNS,ξ,σg) and also on the
photon flux density nph that exists in the waveguide. nph depends, in turn,
on the waveguide losses, the Si-nc quantum efficiency and the pumping rates.
In addition, if the sample shows gain, by increasing the excitation volume,
nph exponentially increases, i.e., τse decreases. τse shortens when either the
pumping length or the pumping power increases as both increase nph. It is im-
portant to note that the calculations show that the Auger lifetime in Si-nc is
in the interval 0.1–10 ns [34], which means that Auger is a strong competitive
process that should always be considered. In some Si-nc systems, due to either
material problems or poor waveguide properties or both, Auger and confined
carrier absorption might prevail and no optical gain could be observed.

Figure 2.7 (bottom left) shows a summary of the wavelength dependence
of the luminescence, absorption, and gain spectra in a sample with 4-nm Si-nc
[25]. It is seen that the gain spectrum is on the high energy side of the emission
band and that absorption is negligible in the region of gain and luminescence.
These facts suggest a four-level model to explain the gain where the levels
can be associated to both different Si-nc populations and to a radiative state
associated to a Si=O double bond for which optical excitation causes a large
lattice relaxation of the Si=O bond [35] as in the silanone molecule (Fig. 2.8).

Pump–probe measurements were attempted with contradictory results
worldwide [27, 36]. Our group was able to show probe amplification under
pumping conditions (see Fig. 2.7 bottom right panel) [27], while another group
reported pump-induced absorption probably associated with confined carrier
absorption [36]. Literature results show that the confined carrier absorption
cross-section σfc in Si-nc is at least one order of magnitude reduced with
respect to bulk Si [37]: σfc ≈ 10−18 cm2 at 1.55 μm in P-doped Si-nc. This
cross-section should be further reduced to 700 nm due to the λ2 dependence
of the confined carrier absorption. Transmission measurements of a probe
beam through a Si-nc slab deposited on a quartz substrate show the typical
interference fringes due to multiple reflection at the slab interfaces (Fig. 2.7).
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Fig. 2.8. The four-level model introduced to explain gain in Si-nc

When the pump power is raised the transmission is increased and, at the max-
imum power used, net probe amplification with respect to the input probe in-
tensity in air is observed in a narrow wavelength interval. Note that the probe
amplification spectrum overlaps the fast luminescence spectrum measured by
time-resolved technique. Based on these results, design of optical cavity for a
Si-nc laser has been published [38]. In addition, very favorable results have
been published with respect to Si-nc-based LED where turn-on voltage as low
as few volts can be demonstrated by using thin Si-nc active layers [39]. Elec-
troluminescence in these LEDs was due to impact excitation of electron–hole
pairs in the Si-nc. Another recent work [40] reports on a field effect transistor
(FET) structure where the gate dielectric is rich with Si-nc. In this way by
changing the sign of the gate bias, separate injection of electrons and holes
in the Si-nc is achieved. Luminescence is observed only when both electrons
and holes are injected into the Si-nc. By using this pulsing bias technique,
bipolar injection is achieved, which should lead to high efficiency in the emis-
sion of the LED. In addition, extremely high external quantum efficiency in
Si-nc formed in Si3N4 or in oxynitride has been reported [41]. Channel optical
waveguide with a core layer rich of Si-nc shows optical losses of only a few
dB/cm mainly due to direct Si-nc absorption and Mie scattering due to the
index mismatch among the Si-nc and the dielectric [42]. All these different
experiments have still to be merged in a laser cavity structure to demonstrate
a Si-nc-based laser.

2.3.4 Light Amplification in Er-Coupled Si-nc

The radiative transitions in the internal 4f shell of erbium ions (Er3+) are
exploited in the erbium-doped fiber amplifier (EDFA) [43]: an all-optical am-
plifier, which has revolutionized the optical communication technology. During
the 1990s, several experimental efforts have been made in order to develop an
efficient and reliable light source by using Er3+ in Si [2]. The idea was to ex-
cite the Er3+, which emits 1.535 μm photons, by an energy transfer from the
electrically injected e–h pairs in a p–n Si diode. The most successful results



28 L. Pavesi

have been the demonstration of room temperature emission with an external
quantum efficiency of 0.1% in a MHz modulated Er3+-doped Si LED [44]. The
main problem associated to Er3+ in Si is the back transfer of energy from the
Er3+ ions to the Si host, which causes a lowering of the emission efficiency of
the diode [45]. This is due to a resonant level that appears in the Si bandgap
due to the Er3+ doping and which couples with the Er3+ levels. In order to
reduce this back-transfer process, it was proposed to enlarge the bandgap of
the Er3+ host so that the resonance between the defect level and the internal
Er3+ levels is lost [46]. Si-nc in a SiO2 dielectric were thus proposed as the
host [47]. Indeed it turns out that Si-nc are very efficient sensitizers of the
Er3+ luminescence with typical transfer efficiency as high as 70% and with a
typical transfer time of 1 μs [48]. In addition, the Er3+ are dispersed in SiO2,
where they found their most favorable chemical environment. Quite interest-
ingly the transfer efficiency gets maximized when the Si-nc are not completely
crystallized but still in the form of Si-nc [49]. Some reports claim even that
the Er3+ can be excited through defects in the matrix [50]. Still under de-
bate is the number of Er ions that can be excited by a single Si-nc: a few or
many ions.

Figure 2.9 summarizes the various mechanisms and defines the related
cross-sections for this system. Excitation of Er3+ occurs via an energy transfer
from photoexcited e–h pairs that are excited in the Si-nc: the overall efficiency
of light generation at 1.535 μm through direct absorption in the Si-nc is de-
scribed by an effective Er3+ excitation cross-section σexc. On the other hand,
the direct absorption of the Er3+ ions, without the mediation of the Si-nc,
and the emission from the Er ions are described by an absorption σabs and an
emission σem cross-sections, respectively. The typical radiative lifetime of Er3+

is of 7 ms, which is similar to the one of Er3+ in pure SiO2 [51]. Figure 2.10
(left) reports the luminescence and the absorption spectra measured in an
Er3+-coupled Si-nc ridge waveguide at room temperature [52].

Signal
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Fig. 2.9. Diagram of the excitation process of (Er3+) ions via a Si-nc, with the main
related cross-sections. On the left, the main internal energy levels of the (Er3+) are
shown.
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waveguide. Data after [52]. (right) Signal enhancement at 1.535 μm in an Er3+-
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Table 2.1. Summary of the various cross-sections related to Er3+ in various
materials

Er in SiO2 Er in Si Er in Si-nc reference for

(cm2) (cm2) (cm2) Er in Si-nc

effective excitation cross-

section of luminescence at a

pumping energy of 488 nm

1–8 × 10−21 3 × 10−15 1.1–0.7 × 10−16 [53, 54]

effective excitation cross-

section of

electroluminescence

4 × 10−14 1 × 10−14

by impact

ionization

[55]

emission cross-section at

1.535 μm

6 × 10−21 2 × 10−19 [56]

absorption cross-section at

1.535 μm

4 × 10−21 2 × 10−20 5 × 10−21 [52]

The best reported results are shown and taken in the references listed in the last
column

Table 2.1 summarizes the best results for the various cross-sections re-
ported in the literature. It is important to note the five order of magnitude
increase in σexc and the fact that this value is also conserved when electrical
injection is used to excite the Si-nc [55]. In addition, it is striking that σem

gets enhanced by one order of magnitude with respect to the value for Er3+

in pure SiO2 [57]. A cautious note should be drawn here as measurements for
σabs do not confirm this enhancement [52]. If one places the Er3+ ions in a Si-
nc ridge waveguide (see inset of Fig. 2.10, right), one can perform experiments
on signal amplification at 1.535 μm with the aim to demonstrate an Er-doped
waveguide amplifier (EDWA). The main advantage of an EDWA with respect
to an EDFA is the reduced size, the decreased pump power to achieve the
same gain, and the wide spectrum range to optically pump the system. A few



30 L. Pavesi

groups have performed such an experiment [52, 56, 57]. The most successful
result was reported in [56], see Fig. 2.10, right. In this work, a very low Si-nc
concentration has been used and an internal gain of 7 dB cm−1 has been de-
duced. A successful experiment of pumping the EDWA with LED was also
reported [58]. In other experiments, with a large Si-nc concentration, no or
weak signal enhancement was observed [52, 57]. The reason is attributed to
the presence of a strong confined carrier absorption, which introduces a loss
mechanism at the signal wavelength and prevents the sensitizing action of
the Si-nc. Indeed, the energy transfer is in competition with confined carrier
absorption at the signal wavelength (see Fig. 2.9). A confined carrier cross-
section of 10−18 cm2 is usually assumed [48]. Propagation losses, saturation
of Er3+excitation, up-conversion of the pumped light, and confined carrier
absorption make difficult the proper design of EDWA where optical amplifi-
cation can be observed. If the results of [56] are confirmed, it seems that the
right direction is to use a small Si-nc concentration, short annealing times,
and a factor 100 more Er3+ than Si-nc. Having got internal gain, electrically
injected LED [55, 59], and optical cavities [60], a laser that uses the Er3+-
coupled Si-nc system as active material seems feasible. In this respect, it is
worth noticing that toroidal microcavities formed in silica doped with Er3+

have demonstrated optically pumped lasing at room temperature [61].

2.4 Conclusions

After 4 years of the first observation of optical gain in Si-nc, the first silicon
laser has been demonstrated, though not using Si-nc, but Raman effects. This
shows that the perspectives to achieve an injection laser in Si are nowadays
more solid than ever. We are quite optimistic that a laser will be realized in
the near future by using one of the various approaches presented here.
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F. Priolo, and F. Iacona, Appl. Phys. Lett. 82, 4636 (2003)

27. L. Dal Negro, M. Cazzanelli, B. Danese, L. Pavesi, F. Iacona, G. Franzò, and
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45. F. Priolo, G. Franzò, S. Coffa, and A. Carnera, Phys. Rev. B 57, 4443 (1998)
46. A.J. Kenyon, P.F. Trwoga, M. Federighi, and C.W. Pitt, J. Phys. Condens.

Matter 6, L319 (1994)
47. M. Fujii, M. Yoshida, Y. Kanzawa, S. Hayashi, and K. Yamamoto, Appl. Phys.

Lett. 71, 1198 (1997)
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G. Franzò, F. Priolo, and F. Iacona, Phys. Rev. B, 69, 233315-1 (2004)
52. N. Daldosso et al., submitted to Appl. Phys. Lett.
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3

Silicon Raman Laser, Amplifier,
and Wavelength Converter

O. Boyraz

Summary. Exploiting the strong optical confinement and the large Raman gain
in the material, the first optical amplifiers and lasers in silicon have been demon-
strated. Wavelength conversion, between the technologically important wavelength
bands of 1,300 and 1,500 nm, has been demonstrated through Raman-enabled four-
wave mixing. Carrier lifetime is the single most important parameter affecting the
performance of silicon Raman devices. The desired reduction in lifetime is attained
by reducing the lateral dimensions of the optical waveguide and actively removing
the carriers with a reverse-biased diode. An integrated diode also offers the ability
to electrically modulate the optical gain. The rigid Raman spectrum of silicon can
be engineered by using germanium–silicon alloys and superlattices.

3.1 Introduction

Silicon is the bread and butter of the electronics industry. Its combination of
technological sophistication and economics of scale is unparalled in the history
of the Industrial Age. Ideally, photonic devices should also be manufactured
in silicon. However, with the exception of one or two devices that are in low-
volume production [1], the silicon photonics industry is virtually nonexistent.
Technologically, this can be attributed to the premature perception that phys-
ical properties of silicon do not lend themselves to important functions such as
light emission, amplification, and wavelength conversion. Yet, photonic devices
are essential building blocks of fiber optic networks that form the backbone
of the Internet. Being able to tap into silicon’s vast manufacturing base will
reduce the cost of photonic devices, which in turn will accelerate penetration
of optics into the access portion of the Internet. Silicon photonics can thus be
viewed as a key to broadband access for the masses. Additionally, the tech-
nology can solve important problems in today’s computing systems as well as
spawn new industries of its own. For example, as the trend to reducing device
dimensions continues, a significant bottleneck has appeared at the electronics
interconnect level, where a large gap exists between individual device speeds
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and the speed of interconnects that link them [2,3]. Optical interconnects can
potentially solve this important problem.

The compatibility of silicon photonics with silicon IC manufacturing, and
separately with silicon micro-electromachining system(MEMS) technology,
has generated significant attention to this field. In 2004, the US Defense
Advanced Research Project Agency (DARPA) launched the Electronic and
Photonic Integrated Circuit (EPIC) program, the first of its kind dedicated
to silicon photonics. The four-year program funds research and development
at universities and industry with the ultimate goal of producing production-
capable silicon optoelectronic circuits. The first International Conference on
Group IV Photonics was also launched in 2004. The year was also witness to
the demonstration of the first silicon laser [4]. The rapid pace of progress is
continuing and the first quarter of 2005 has already seen the demonstration
of direct electrical modulation of the Raman laser [5] and report of the first
continuous wave (CW) silicon Raman laser [6].

Compared to other integrated optics platforms, a distinguishing property
of silicon is the tight optical confinement made possible by the large index mis-
match between silicon and SiO2. While a myriad of high-performance passive
devices were demonstrated in the 1990s [7], creation of active devices proved
to be much more difficult. Unfavorable physical properties such as the near
absence of Pockels effect caused by the symmetric crystal structure and the
lack of efficient optical transitions, due to the indirect band structure, were
the culprits.

Raman scattering was proposed and demonstrated in 2002 as a means to
bypass these limitations and create optical amplifiers and lasers in silicon [8].
The approach was motivated by the fact that the stimulated Raman gain co-
efficient in silicon is 103–104 times larger than that in fiber. The modal area
in a silicon waveguide is roughly 100 times smaller than that in fiber, result-
ing in a proportional increase in optical intensity. The combination makes it
possible to realize chip-scale Raman devices that normally require kilometers
of fiber to operate. The initial demonstration of spontaneous Raman emis-
sion from silicon waveguides in 2002 was followed by the first demonstration
of both stimulated Raman scattering [9] and parametric Raman wavelength
conversion [10] in 2003. Other merits of Raman effect include the fact that
it occurs in pure silicon and hence does not require rare-earth dopants (such
as erbium), and that the spectrum is widely tunable through the pump laser
wavelength.

3.2 Raman Amplification in Silicon

Classical electrodynamics provides a simple and intuitive macroscopic descrip-
tion of the Raman scattering process. In the spontaneous scattering, thermal
vibrations of lattice at frequency ωv (15.6 THz in silicon) produce a sinusoidal
modulation of the susceptibility. The incident pump field induces an electric
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polarization that is given by the product of the susceptibility and the inci-
dent field. The beating of the incident field oscillation (ωp) with oscillation of
the susceptibility (ωv) produces induced polarizations at the sum frequency,
ωp + ωv, and at the difference frequency ωp − ωv. The radiation produced
by these two polarization components is referred to as anti-Stokes and Stokes
waves, respectively. Quantum statistics dictates that the ratio of Stokes power
to anti-Stokes power is given by (1 + N)/N , where N = [exp(h̄ωv/kT ) − 1]−1

is the Bose occupancy factor and has a value of ∼0.1 for silicon at room
temperature.

The same model can be extended to describe stimulated Raman scattering
[11]. Here, we assume that the pump field and the Stokes field are present, with
a frequency difference equal to the atomic vibrational frequency. The latter
can be due to spontaneous emission, or in the case of a Raman amplifier, it
is the input signal that is to be amplified. The two fields (pump and Stokes)
create a force that stimulates atomic vibrations, even in the absence of a dipole
moment. This can be understood as follows. If E is the total field comprising
pump and Stokes, and χ is the susceptibility, the energy stored in the field,
V = ((1 + χ)/2)EE∗, will have a component oscillating at ωp − ωs = ωv.
Through the modulation of the susceptibility with displacement, Q, this will
produce a force

F ∝ ∂V

∂Q
≈ ∂χ

∂Q
EpEs exp(−ωvt).

This driving force will enhance atomic oscillations, which in turn will increase
the amplitude of the Stokes field, Es. This positive feedback phenomenon is
called stimulated Raman scattering and results in amplification of the Stokes
field.

While providing an intuitively appealing description of Raman scatter-
ing, the macroscopic model described earlier does not account for detailed
processes responsible for Raman scattering in silicon. The microscopic pic-
ture reveals that the direct coupling of light with atomic vibrations, described
by the interaction Hamiltonian involving photons and phonons, is very weak.
This is generally true in semiconductors due to the large atomic mass that
appears (squared) in the denominator of the cross-section. In silicon, the lack
of lattice polarization further underscores this fact. Electrons mediate the
Raman scattering process in silicon. Microscopically, the scattering proceeds
in three steps [12]. In step 1, the incident photon excites the semiconductor
into an intermediate step by creating an electron–hole pair. In step 2, the pair
is scattered into another state by emitting a phonon via the electron-phonon
interaction Hamiltonian. In step 3, the electron–hole pair in the intermediate
step recombines radiatively with emission of a scattered photon. While elec-
trons mediate the process, they remain unchanged after the process. Further-
more, transitions involving electrons are virtual and hence need not conserve
energy although momentum must be conserved.

Raman describes the scattering process involving the optical phonon
branches of atomic vibrations (as opposed to Brillouin who describes scattering



36 O. Boyraz

involving acoustic phonons). In first-order scattering, only one phonon is in-
volved and momentum conservation implies that only zone-center phonons
can participate. Higher order Raman scattering involves multiple phonons,
which can be from any point in the Brillouin zone as long as their total mo-
mentum equals the (negligible) photon momentum. In silicon, the zone-center
optical phonon is triply degenerate with a frequency of 15.6 THz. Figure 3.1
shows the typical Raman spectrum of silicon with the pump-Stokes separa-
tion of 15.6 THz highlighted. The first-order resonance, which is of primary
importance here, has a FWHM of approximately 100 GHz [13]. This imposes
a maximum information bandwidth of approximately 100 GHz that can be
amplified. The Raman linewidth becomes broader when a broadband pump
is used.

Crystal symmetry imposes a selection rule that dictates which scattering
geometries are allowed. The spontaneous scattering efficiency, S, is given by

S = S0

∑
k=1,2,3

|ês · Rk · êp|2 . (3.1)

Unit vectors êp and ês denote the polarization of the pump and Stokes electro-
magnetic fields. S0 contains intrinsic microscopic property of silicon including
derivatives of the polarizability, and the absolute amplitude of the displace-
ment of the zone-center optical phonons. The sum runs over the three Raman
matrices, each corresponding to the phonon displacement along one of the
three principal axes of the crystal [14]:

−→
R 1 =

⎡
⎣0 1 0

1 0 0
0 0 0

⎤
⎦ ,

−→
R 2 =

⎡
⎣0 0 1

0 0 0
1 0 0

⎤
⎦ ,

−→
R 3 =

⎡
⎣0 0 0

0 0 1
0 1 0

⎤
⎦ . (3.2)
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Fig. 3.1. Spontaneous Raman spectra of silicon showing first- and second-order
Stokes emission. Frequency is plotted relative to pump frequency. Anti-Stokes spec-
trum is not shown
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Table 3.1. Spontaneous scattering efficiency for various wavevector and polarization
directions of pump and Stokes fields

k̂p and k̂s êp ês relative efficiency

[11̄0] [110] [110] S0

[11̄0] [110] [001] S0

[112̄] [111] [111] 4S0/3
[111] [11̄0] [112̄] 2S0/3
[111] [112̄] [112̄] S0

[01̄1] [011] [100] S0

[01̄1] [011] [011] S0

Table 3.1 shows the relative spontaneous Raman intensities obtained for
different scattering configurations in silicon. The vectors k̂p and k̂s denote the
pump and Stokes propagation directions, respectively.

The Raman gain coefficient, gR, can be obtained from the spontaneous
efficiency, S, using the Einstein relation [15]:

gR =
8πc2ωp

h̄ω4
s n2(ωs)(N + 1)Δω

S. (3.3)

Substituting the appropriate values, the gain coefficient is obtained as ∼76 cm
GW−1 [8]. This uses S = 8.4 × 10−7 cm−1 Sr−1, which was obtained by ex-
trapolating the values measured (1.1–1.55 μm wavelength using λ−4 relation).
This is in the same order of magnitude but several times larger than the val-
ues extracted from Raman gain measurements (∼20 cm GW−1) at 1.55 μm,
nonetheless, when compared to silica (0.93 × 10−2 cmGW−1), the Raman
gain in silicon is 103–104 times larger. Such a large difference has its origin
in the much narrower linewidth of the Raman spectrum in crystalline silicon,
compared to the amorphous fiber.

It is customary to describe the induced polarization for the case of stim-
ulated Raman scattering through the nonlinear susceptibility, χR

ijmn, defined
by the expression:

PNL
i (ωs) = ε0χ

R
ijmnEj(ωp)Em(−ωp)En(ωs). (3.4)

On the other hand, the atomic displacement can be obtained using a classical
harmonic oscillator model [11] with the driving force described earlier. By
comparing the induced polarization suggested by the displacement with the
definition given here, one arrives at the following expression for the induced
Raman susceptibility:

χR
ijmn = 2Γωv

2ncgR

ωs(μ0/ε0)1/2

∑
k=1,2,3 (Rij)k (Rmn)k

(ω2
v − (ωp − ωs)2 − 2iΓ (ωp − ωs))

, (3.5)

where Γ is the damping term in the harmonic oscillator equation (related
to phonon dephasing time) and n is the refractive index. Crystal symmetry
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consideration, described by the Raman tensor, R, leads to a total of 12 equal
nonvanishing components that have of the form:

1221 = 1212 = 2112 = 2121 = 1331 = 1313 = 3113 = 3131 = 2332
= 2323 = 3223 = 3232. (3.6)

The induced susceptibility is related to the Raman gain coefficient as [14]:

χR
1221(ωp − ωs = ωv) =

i
(μ0/ε0)1/2

2ncgR

ωs
= 11.2 × 10−14i[cm2 V−2] . (3.7)

Another nonlinear optical effect in semiconductors is the two-photon
absorption (TPA). This is a deleterious effect that results in pump deple-
tion and generation of free carriers. These carriers give rise to a broad-
band absorption spectrum through the free carrier plasma effect. TPA has
been shown to be negligible from the point of view of pump depletion [9].
This is plausible since the TPA coefficient in silicon, β, is relatively small,
∼0.5 cm GW−1. On the other hand, absorption by TPA-generated free carri-
ers is a broadband process that competes with Raman gain. The effect has
been identified as a limiting factor in all-optical switching in III–V semicon-
ductor waveguides [16–20]. It has also been discussed as a potential limit
to achievable Raman gain in GaP waveguides [21], although a Raman gain of
24 dB was demonstrated in these waveguides [22]. More recently, TPA-induced
free carrier absorption (FCA) has been measured in silicon waveguides in the
context of Raman process [23, 24] and in transmission of ultrashort pulses in
silicon waveguides [25].

The magnitude of TPA-induced FCA depends on free carrier concentration
through the relation: αFCA = 1.45× 10−17(λ/1.55)2ΔN , where λ is the wave-
length, in micrometers, and ΔN is the density of electron–hole pairs [26, 27].
The latter is related to the pump intensity, Ip, by

ΔN = βI2
pτeff/(2hν), (3.8)

where hν is the pump photon energy and τeff is the effective recombination
lifetime for free carriers. This equation neglects the contribution to free carrier
generation due to pump-signal TPA and hence is valid in the regime where
Stokes intensity (Is) Is � Ip.

The fundamental parameter that governs the TPA-induced loss and hence
the success of Raman based devices is the recombination lifetime, τeff . It
is well known that the recombination lifetime in silicon-on-insulator (SOI)
is much shorter than that in a bulk silicon sample with comparable doping
concentration. This lifetime reduction is due to the presence of interface states
at the boundary between the top silicon and the buried oxide layer. This
effect depends on the method used for the preparation of SOI wafer and
the film thickness, with measured and expected values ranging between 10
and 20 ns [28–30]. In SOI waveguides the lifetime is further reduced to a few
nanoseconds, or even below in the case of submicron waveguides, due to the
recombination at the etched waveguide facets and in the case of rib waveguides
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due to diffusion into the slab regions [30]. The lifetime can be further reduced
by application of a reverse bias p–n junction [23,24,30] or by introduction of
midgap states through high energy irradiation, and gold or platinum doping.
Modest amount of CW gain has been observed in deep submicron waveguides
[31] where the impact of surface and interface recombination plays a critical
role in reducing the lifetime. CW gain has also been demonstrated by sweeping
the free carriers using a reverse bias p–n junction [32]. This approach is further
discussed in the context of Raman laser later.

The plot of the net Raman gain as a function of CW pump intensity
for a waveguide of length, L = 1 cm and propagation loss of 1 dB cm−1, is
shown in Fig. 3.2 [24] for different free carrier lifetime values. The plot shows
that more than 5 dB of gain can be obtained with a pump intensity of about
100 MW cm−2. Gain increases with intensity while the loss rises as intensity
squared and dominates when lifetime is long. The pump is assumed to be a
monochromatic source. The finite linewidth of the pump laser will result in
a lower gain than what is predicted in Fig. 3.2. It is clear that to create a
successful amplifier, an effective lifetime of ≤1 ns is required.

3.3 Raman Wavelength Conversion

As mentioned earlier, Raman scattering spectrum also contains an anti-Stokes
wave that is upshifted from the pump by the 15.6 THz phonon frequency. The
gain coefficient for the anti-Stoke wave will have a negative sign, indicating
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Fig. 3.2. Impact of carrier lifetime on achievable CW Raman gain. Gain increases
with intensity while loss rises as intensity squared and dominates when lifetime is
long
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that an incident anti-Stoke wave will be attenuated. However, anti-Stoke signal
can be generated through four wave mixing (FWM) induced through the
Raman susceptibility, in much the same way that conventional FWM takes
place via the electronic third-order nonlinear susceptibility (responsible for
the Kerr effect). In the Raman process, energy conservation dictates that
ωas = 2ωp − ωs, and momentum conservation results in the so-called phase-
matching condition, with the total phase mismatch defined as:

Δβ = 2βp − βs − βaS , (3.9)

where β is the wave vector for a given wavelength and the corresponding
mode of polarization μ (1 for TE0 and 2 for TM0). As Δβ approaches 0,
pump, Stokes, and anti-Stokes waves experience coherent interaction. This
phenomenon is referred to as coherent anti-Stokes Raman scattering (CARS)
in the spectroscopy literature and was first observed in silicon in 2003 [10]. As
shown in Fig. 3.3, the process of creation of anti-Stokes photon is accompanied
by creation and annihilation of a zone-center phonon.

The conversion efficiency is highly sensitive to the phase mismatch and, in
general, the efficiency has a sinc2 dependence on phase mismatch. In silicon,
phase mismatch is dominated by material dispersion as waveguide dispersion
is relatively negligible unless submicron modal dimensions. In such devices,
waveguide dispersion provides a means to compensate for material dispersion.
Other means of phase matching include the use of waveguide birefringence
and/or strain. At phase matching, neglecting nonlinear loss mechanisms, the
evolution of Stokes and anti-Stokes fields, E(z), along the waveguide length,
z, is given by

ES(z) = ES(0) + (ES(0) + E∗
aS(0))gRIpz/2 ,

(3.10)
E∗

aS(z) = E∗
aS(0) − (ES(0) + E∗

aS(0))gRIpz/2 .

a-Stokes

1

0

Stokes

Pump 2

Pump 1

Optical phonon

Fig. 3.3. Energy-level representation of Raman wavelength conversion process.
|1〉 and |0〉 are vibrational states and arrows represent virtual transitions. A phonon
is created and annihilated leaving the phonon population unchanged
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Equation 3.10 predicts a linear increase in the fields with distance, which
holds true for small propagation lengths. Once the Stokes and anti-Stokes
fields become equal in amplitude, no further change takes place leading to a
saturation effect. The characteristic length is very long, therefore, this regime
is not expected to occur in chip-scale devices.

Figure 3.4 shows the normalized Raman gain as a function of phase mis-
match. At large values of |Δβ|, stimulated Raman amplification is predomi-
nant and leads to amplification of Stokes signal with an effective gain given
by gR. Under phase-matching condition, Raman gain is suppressed and the
parametric coupling of pump and Stokes to anti-Stokes dominates. In this
region, Stokes, anti-Stokes, and pump fields are strongly coupled and para-
metric conversion dominates. For small, positive values of Δβ, the normalized
gain slightly exceeds unity due to modulation instability. This effect has also
been predicted and observed in optical fibers [33].

3.4 Experimental Demonstrations

Experimental results shown in Fig. 3.5a highlight the competition between
Raman gain and TPA-induced. Here a CW pump emitting at 1,427 nm was
used along with a tunable CW signal laser. The plot shows amplification
of the signal laser as it is tuned across the Raman resonance. The data
clearly shows the competition between the resonant Raman amplification
and the broadband pump-induced absorption. It is clear that further increase
in pump intensity is futile as the intensity-squared increase of TPA-induced
loss dominates over Raman gain, which increases linearly with pump inten-
sity. Also shown, in Fig. 3.5b, is the measured spontaneous emission spectra
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Fig. 3.5. (a) Measured spectral characteristic of stimulated Raman scattering
(SRS) in an SOI waveguide, under CW pumping. Two different input pump pow-
ers are shown, to illustrate the effect of TPA-induced free carrier absorption.
(b) Measured spontaneous emission spectrum

from the same waveguides. The observed FWHM is approximately twice the
100 GHz intrinsic Raman linewidth, a feature caused by the finite linewidth
of the pump laser.

One method for avoiding free carrier accumulation and concomitant loss is
pulsed pumping [34–38]. As long as the pump-pulse period is longer than the
free carrier lifetime the free carrier accumulation can be mostly eliminated.
Figure 3.6 shows the measured change in CW signal beam (tuned to the peak
of Stokes resonance) due to the pump pulse. The pump source was a mode-
locked fiber laser with 25 MHz repetition rate and ∼1 ps output pulse width.
Since phonon response time in silicon is more than 3 ps, the pulse width is
broadened by using a spool of standard single mode optical fiber. Maximum
pump on–off gain of 20 dB has been obtained. Taking into account the losses
in the waveguide, we obtain a net waveguide gain of 13 dB [38]. This gain
includes waveguide propagation losses but not the fiber–waveguide coupling
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Fig. 3.7. Time resolved signal loss with the signal laser at 1,678 nm, i.e., outside
the Raman resonance. Maximum loss of 4 dB and carrier lifetime of 4 ns is obtained

loss. In separate devices that have adiabatic mode tapers, we have shown net
fiber-to-fiber gain of 11 dB under similar pulse pumping scheme [34].

The net free carrier loss and the free carrier lifetime can be measured by
performing the same measurement with the signal laser tuned away from the
Raman peak. This is shown in Fig. 3.7. Maximum loss due to the combined
FCA loss is measured to be 4 dB. Thus the intrinsic Raman gain in the silicon
waveguide is 24 dB. By extrapolating the exponential decay of the carriers we
estimate a free carrier lifetime of ∼4 ns.

Variation of optical gain as a function of peak pump power coupled to
the waveguide is shown in Fig. 3.8. Optical gain is found to saturate around
37 W of peak pump power. This can be attributed to the pulse breakup and
excessive spectral broadening of pump laser in the fiber pigtail preceding the
waveguide [34].
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Fig. 3.9. Measured anti-Stokes spectra vs. Stokes signal wavelength. The z-axis
represents the conversion efficiency, normalized to unity. CW pump laser wavelength
is 1,428 nm

Figure 3.9 shows experimental verification of Raman wavelength conver-
sion in silicon. The pump laser (at 1,428 nm) is coupled to the TE0 mode, and
the signal laser is coupled to the TM0 mode. The Stokes signal laser is scanned
in the range from 1,530 to 1,560 nm. Figure 3.9 shows a-Stokes spectra mea-
sured as a function of the Stokes signal wavelength. The CW pump power in
the waveguide was 0.7 W. There is a clear peak at 1,328.8 nm of anti-Stokes
emission when the Stokes laser is tuned to Stokes wavelength of 1,542.3 nm.
The nature of the satellite peaks may be due to the sinc2 dependence of the
conversion efficiency with phase mismatch.

Figure 3.10a shows converted a-Stokes signal spectrum [39]. The FWHM
for wavelength conversion, which is approximately 250 GHz, is determined
solely by the pump laser linewidth. Figure 3.10b shows the conversion of
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1.03 GHz RF modulation from 1542 to 1328.5 nm [39]. The input RF signal
power applied to the Stokes wavelength is shown in the inset. The measured
electrical signal to noise ratio (SNR) is 34 dBe. We note that from the appli-
cation point of view, the 1,320 and 1,550 nm bands are the two most impor-
tant bands in optical communication. The measured conversion efficiency was
approximately 10−5. As mentioned previously, a number of design approaches
are available for phase matching a silicon waveguide and for realizing high
conversion efficiency [40].

Figure 3.11 shows the measure input–output curve for the first silicon
Raman laser [4]. The laser, demonstrated in 2004, operated in the pulse
mode and consisted of a 1.7 cm long silicon waveguide gain medium and an
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external cavity formed via a fiber loop. The laser has a threshold of 9 W peak
pulse power (corresponding to a few mW of average power) and was able
to produce output pulses with over 2.5 W peak power at 25 MHz repetition
rate. The demonstration was a major milestone as it clearly showed that sil-
icon can indeed lase. The strong lasing characteristics and high conversion
efficiency (∼13%) of the prototype laser showed that silicon Raman lasers
must be considered as a practical and compact alternative to fiber Raman
lasers.

In 2005, Intel Corporation demonstrated the first CW silicon Raman laser
[6]. The device was a 5 cm long silicon waveguide with a cavity formed by HR
coating the chip facets. CW operation was achieved by using a reverse bias
p–n junction to sweep out the TPA generated free carriers, an approach that
was previously proposed in 2004 [23,24,30]. Figure 3.12 shows the laser input-
output behavior at reverse bias voltages of 5 and 25 V. The laser produced a
maximum output power of ∼9 mW at 25 V reverse bias with 600 mW of CW
pump power inside the waveguide. The CW operation is an important step
in the development of silicon Raman lasers. One drawback of the reverse bias
carrier sweep out approach is the electrical power dissipated on the chip. With
a reverse current of approximately 50 mA expected for this device, the laser
dissipates an on-chip electrical power of more than 1 W. From this perspective,
methods that can drastically reduce carrier lifetime, and hence mitigate the
need for active carrier removal, are desired. As a compromise, reduction of
the required sweep out voltage will reduce the electrical power dissipation.
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Fig. 3.12. Threshold characteristics of CW silicon Raman laser demonstrated in a
5 cm silicon waveguide and with using reverse biased p–i–n diode for carrier sweep
out [6]



3 Silicon Raman Laser, Amplifier, and Wavelength Converter 47

The ability to integrate a p–n junction along with the gain medium of-
fers the exciting possibility of intracavity gain switching [5]. By injecting
free carriers into the gain medium, cavity loss can be modulated leading
the direct electrical modulation of the laser output. Using this technique, di-
rect laser switching with 30 dB extinction ratio has been demonstrated [5].
This is a unique feature of silicon Raman lasers that is not possible in
fiber Raman lasers. It allows the laser to be interfaced with on-chip elec-
tronic circuitry in all-silicon optoelectronic integrated circuits. This idea, first
demonstrate by UCLA, has been extended by Intel in a demonstration of an
electrically switched Raman amplifier, with the device representing a loss-less
modulator [41].

3.5 GeSi Raman Devices

The introduction of germanium in the overall scheme of nonlinear Raman
processes in silicon offers new avenues for tailoring the device characteristics.
In particular [42]:

1. The strain caused by the difference in the lattice constants of Si and
Ge along with the composition effect provide mechanisms for tuning the
Stokes shift associated with the dominant Si–Si (500 cm−1) vibrational
mode [43]. In addition, the presence of Si–Ge modes (400 cm−1) and
Ge–Ge modes (300 cm−1) provides flexibility in pump and signal wave-
lengths.

2. Spectral broadening can be achieved via graded Ge composition.
3. The strain resulting in birefringence [44,45] can provide an additional de-

gree of freedom for phase matching in the wavelength conversion process.
Stress also results in broadening of the gain spectrum via splitting of the
degenerate optical phonon modes.

4. When grown on an SOI substrate, the use of double cladding in the vertical
direction can improve fiber–waveguide coupling efficiency.

5. Higher carrier mobility, and hence diffusion constant, in SiGe reduces
the effective lifetime in the waveguide. This reduces the losses associated
with the free carriers that are generated by two-photon absorption (TPA).
However, this benefit will be countered by the higher TPA coefficient in
GeSi.

Recently, the first GeSi optical amplifier and laser has been demonstrated
[42]. A pulsed gain of 14 dB and lasing with sharp threshold characteristics
were observed for Ge0.08Si0.92 rib waveguides. The Stokes spectrum, shown
in Fig. 3.13, exhibits a 37 GHz red shift, which is in qualitative agreement
with a model that takes into account the effect of composition and strain on
the optical phonon frequency [46]. These results suggest that the spectrum
of Raman scattering can be engineered using the GeSi material system. As
a result, GeSi Raman devices represent an exciting topic for future research
and development.
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3.6 Conclusions

This chapter has outlined light generation, amplification, and wavelength con-
version in silicon and GeSi using stimulated Raman processes. These effects
are routinely observed in optical fiber; however, several kilometers of length
are required to do so. What has enabled us to achieve these processes on
millimeter-length scales on a chip are two fundamental differences between
an optical fiber and a silicon microstructure. The first is the difference in
atomic structures. Vibrational modes in silica broaden into bands; hence the
Raman gain has a very large bandwidth and a low peak value, requiring
long interaction lengths for the effect to be observed. In contrast, silicon is
a single crystal and supports only three degenerate optical vibration modes.
The result is a much narrower bandwidth gain but a much higher peak gain
(nearly 103 − 104 times higher). Second is the difference in modal areas. The
large index–contrast in silicon/SiO2 waveguides results in a mode area that
is approximately 100 times smaller (assuming 0.8μm2 waveguides) than in a
standard single mode fiber (mode area = 80μm2). The proportionally higher
power density in the silicon waveguide lowers the threshold for nonlinear
optical processes.

The intrinsic Raman bandwidth in silicon is 105 GHz and is broadened in
the experiments by the pump laser linewidth (typically ∼2 nm). The resulting
bandwidth is sufficient for amplifying several WDM channels. The bandwidth
can be broadened by broadening the pump linewidth even further (although
this reduces the peak gain) or by using multiple pump wavelengths. The
Raman phenomenon is fully tunable; the tuning range is only limited by
the available pump wavelengths. This is an advantage over the nanocrystal
approach for light generation and amplification. In addition, the Raman effect
can also perform wavelength conversion. Another important advantage of this
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approach is that it does not require rare-earth dopants or nanostructures.
Hence, it is truly compatible with silicon IC manufacturing. A limitation of
the Raman approach is it is optically pumped. However, it has been shown
that silicon Raman lasers can be electronically switched or modulated using
intracavity gain–loss modulation [6]. Therefore, these lasers or similar ampli-
fiers can be interfaced with on-chip electronic circuitry. Raman amplification
and lasing in GeSi waveguides has recently been demonstrated. The GeSi ma-
terial system provides an opportunity to engineer the, otherwise rigid, Raman
spectrum of silicon. Owing to the enhance carrier mobility, GeSi is pursued by
the CMOS IC industry for future high-speed circuits. This provides another
impetus for investigating GeSi Raman devices.

Going forward, low-loss waveguides with small cross-sections are required
for realizing high-performance devices. Surface roughness produces strong
scattering and high propagation loss due to the high index contrast be-
tween the silicon waveguide core and the cladding (air or SiO2). As such, the
losses of silicon waveguides tend to increase with in cross-section. Fortunately,
new waveguide-fabrication processes that are in development promise low-
loss waveguides with submicron cross-sections [47,48]. Naturally, one must be
able to efficiently couple light into these structures. Several novel approaches
for high-efficiency coupling into submicron waveguides have also been devel-
oped [48].
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Electro-Optical Modulators in Silicon

S. Libertino and A. Sciuto

Summary. The aim of this study is to provide an overview of the physics principles
ruling optical modulation in Si and the efforts made in the last 25 years to fabricate
Si-based light modulators. In the first part the fundamental parameters to describe
a modulator are defined, and both the mechanisms for light modulation and the
kind of device that can be fabricated are discussed. The second part is devoted to
provide an overview of the devices proposed so far in literature. Of course, just a few
examples are presented. The different modulator working principles are described
and the structures limits evidenced. Finally, a bipolar mode field effect transistor
will be taken as an example to describe how to make and, more importantly, also
characterise, an electro-optical modulation in a nonconventional way.

4.1 Introduction

The strongest driving force in studying optoelectronic devices arises from the
need for better and more performing devices required by the modern tech-
nology society. In fact, the progressive shrinking of the feature sizes in micro-
electronic devices, the increasing demand of higher clock frequencies, and the
simultaneous growth in integrated circuit (IC) complexity push the “tradi-
tional” microelectronic devices towards their physical limits. As an example,
the International Technology Roadmap for Semiconductors (ITRS) [1] shows
that by 2010, high-performance ICs will count up to two billion transistors
per chip and work with clock frequencies of the order of 10 GHz. Electrical
interconnects under these conditions pose severe limitations in speed, power
consumption, crosstalk, and voltages needed to bias the devices.

One of the most promising solutions, also foreseen by the ITRS is to re-
place electrical interconnections with an optical interconnect layer. Such a
solution could provide an enormous increase in bandwidth, thereby eliminat-
ing any electromagnetic noise problem. Moreover, a decrease in the power
consumption is expected, which is associated to an increase in the overall
device speed. Of course, to obtain such results a price must be paid. All the
devices fabrication steps have to be compatible with future IC technology and
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the additional cost incurred must be contained. As a result of these efforts,
new disciplines connected with optics have appeared: electro-optics, optoelec-
tronics, waveguide technology, etc. Thus, classical optics, initially dealing with
lenses, mirrors, filters, etc., has been forced to describe a new family of much
more complex devices such as lasers, semiconductor detectors, light modula-
tors, to name a few. The operation of these devices must be described in terms
of optics as well as electronics, giving birth to photonics. Photons can con-
trol the flux of electrons, in the case of detectors, for example, and electrons
themselves can determine the properties of light propagation, as in the case of
semiconductor lasers or electro-optic modulators. Today, photonic and opto-
electronic devices clearly dominate long-distance communications through op-
tical fibres [2]; many sensor devices are based on optoelectronic devices [3] and
they are starting to penetrate the information processing technology field [4].
In fact, all-optical computation and communication systems are beginning to
be considered as the future of information processing.

To accomplish the goal of replacing or coexisting with electronic devices,
a high level of integration is required. It can be achieved only by using mono-
lithic integration, where all the optical elements including light sources, light
control, electronics, and detectors are incorporated in a single substrate. The
material of choice for such an integration is Si nowadays. In fact, besides the
difficulties arising from the indirect bandgap (an issue for light generation)
and the weak electro-optical performances [5], Si has many advantages over
“traditional” optoelectronic materials. Most of the microelectronic industry
relies on Si as a semiconductor of choice for the fabrication of microelectronic
devices. This makes Si the best-known semiconductor material with a long tra-
dition; silicon substrates have a low price and a good optical (and electrical)
quality. Last, but not least, there is a wide experience developed in the mi-
croelectronic industry in Si processing. On the other hand, there is no unique
competitor to Si in the optical domain. In fact, compound semiconductors,
such as indium phosphide (InP) or gallium arsenide (GaAs), are widely used
to make light sources [6], thanks to their direct bandgap. On the other hand,
electro-optical crystals, such as lithium niobate (LiNbO3), are used for light
modulation [7], via the Pockels effect (see later). None of these materials suc-
ceeded as the material of choice for optical devices, and their manufacturing
costs are quite high compared to Si.

Light modulation is one of the main issues in Si-based technology, since Si,
as described in Sect. 4.2, does not show a good electro-optical effect. Before
entering into the physics part, it is interesting to mention some of the special
features of systems based on integrated photonic technology. In particular,
an electro-optical modulator must satisfy some requirements: (a) Low voltage
control. Goal achievable also thanks to the small device dimensions, e.g. the
waveguide width. In fact, the width of the channel waveguides allows one to
drastically reduce the distance between the control electrodes. This implies
that the voltage required to obtain certain electric field amplitude can be
considerably reduced. For example, while the typical voltage for electro-optic
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control in conventional optical systems is of the order of several kV, in inte-
grated optic devices the voltage required is only few volts. (b) Fast operation.
The small size of the control electrodes in an electro-optic integrated photonic
device implies low capacitance, allowing fast switching speed and high modu-
lation bandwidth. (c)High optical power density. (d) Compact and low weight.
The use of a single substrate with an area of several millimetres squared for in-
tegrating different photonic components makes the optical chip very compact
and light weight. and (e) Low cost. The development of integration techniques
makes mass production possible via lithographic techniques and mask repli-
cation; also, the planar technology reduces the quantity of material necessary
to fabricate the photonic devices. These aspects are the basis of a low-cost
device that would thus have an easy introduction into the market.

4.2 Introduction to Optical Modulation

To understand the general approach to optical modulation it is important
to remember that the typical behaviour in approaching something new is to
handle it as something we know. Optical signals and devices are an excep-
tion to this general approach. Coherent optical waves can be considered as
quasi-sinusoidal carrier waves, characterised by their amplitude, polarisation
direction, frequency, and phase. In complete analogy to radiofrequency waves,
information can, in principle, be imprinted on optical waves by four modu-
lation techniques: optical amplitude modulation (AM, and intensity modu-
lation), optical frequency modulation (FM), optical phase modulation (PM),
optical polarisation modulation. Regardless of the chosen modulation method,
the optical signal modulation is achieved through a change in the optical field,
generally due to an electric signal.

In the electrical modulation it is possible to distinguish between the car-
rier signal and the modulating signal. The information is carried by inducing
variations in the carrier signal due to the modulating signal. Once the carrier
signal characteristic is known (through a standard), it is possible to recover
the information bit from its changes [8]. On the other hand, in optical modu-
lation, the final goal so far pursued is to change the signal amplitude by using
either direct AM or AM due to a phase shift induced in an interferometric
structure. In fact, in this case the carrier signal frequency (e.g. 200 THz for
a wavelength of 1.55μm, the one most used in telecommunications) is too
high to be detected, hence it would not be possible to recover the information
coded therein through either PM or FM.

Optical modulation can, in principle, be achieved using either internal or
external modulation of the light source. In the first case the source (either a
laser or an LED) current can be modulated to modify the light signal intensity
(AM). This approach is straightforward, inexpensive, and compact since two
functions are achieved with the same device. Direct modulation transmitters
have impedance matched and lasers directly connected to the modulating
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signal. This technique is very cost effective and can provide modulations up to
2.5 Gb s−1 [9]. The main drawback is the limited extinction ratio (see later for
definition), since we do not want to turn off a laser at the 0-bit. This will cause
an impact on the distance per bit-rate product: the output frequency shift with
the drive signal. The last effect is due to two main causes: the carrier-induced
wavelength variation, the chirp, caused by variations in electron densities in
the lasing area; and the temperature variation due to carrier modulation.
When the laser current is quickly changed, the different electron densities
affect the refractive index and, therefore, produce a wavelength variation. This
effect is highly undesirable in, e.g. long-haul systems because of the chromatic
dispersion present in such systems.

The chirp effect is solved by going to external modulation. In this case, the
laser is biased to a constant value, its specific operating point. Once generated,
the optical beam is passed through an optical intensity modulator. The main
advantages of external modulation are higher speed, data rates greater than
40 Gb s−1 have been reported [10]; low chirp, even if strongly reduced the
chirp is still present; large extinction ratio, the optical signal can be fully
absorbed in the modulator region; and low modulation distortion. Also in
this case some drawbacks must be faced: it is an additional component, which
means additional costs; additional loss, named insertion loss, in the range
5–7 dB, is usually obtained including an external modulator in the optical
path. Nevertheless, external modulators provide the best signal quality for
both PM and AM.

The generation of a phase-modulated signal requires an external modula-
tor capable of changing the optical phase in response to an applied voltage.
The most common phase modulator is based on the electro-optic effect: an
electric field applied to an electro-optic material, such as LiNbO3, induces
a change in its refractive index [7]. If the electric field is applied through a
channel waveguide, the change in the refractive index induces a change in
the propagation constant of the structure, and therefore the light travelling
through that region undergoes a certain phase shift.

The other approach to optical modulation is using pure amplitude mod-
ulators [11]. They work as very fast switches. One of the simplest ways to
perform this task is to build an integrated Mach-Zehnder interferometer (MZ
or MZI, see later) on an electro-optic substrate. Another approach to fabricate
amplitude modulators is to make wave-vanishing modulators. A more detailed
description of the different modulation approaches is provided in Sect. 4.3.

The next important step in the introduction to optical modulation is the
definition of the parameters that identify a device as a modulator. The perfor-
mances of an optical modulator can be characterised by four parameters [12]:

1. The contrast ratio (CR). It is defined as the On/Off ratio of the power or
transmission coefficients in amplitude modulators. Directly from the CR
another parameter can be identified, the modulation depth (M), which is
defined as:

M =
(

1 − PON

POFF

)
× 100, (4.1)
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where PON and POFF are the output power when the device is in the On
and Off state, respectively. It is indicated in percentage and a device can
be considered a modulator if M is above 20–25% [13].

2. The voltage Vπ required to obtain a π phase shift for phase modulators
or the voltage Vd to obtain a switch from the Off to the On state in am-
plitude modulators. In phase modulators it is fundamental to change the
signal phase without modifying its amplitude, as it will be clearer when
the typical device structure, the MZI, is described. The phase change
Δφ is obtained, as mentioned earlier, by changing the material refrac-
tive index (Δn) within the device length L according to the following
formula:

Δφ =
2πΔnL

λ0
, (4.2)

where λ0 is the optical signal wavelength. The π variation is obtained as a
trade-off between the maximum voltage, required to obtain the refractive
index variation, and the maximum device length allowed in the device
structure. Once Vπ is defined, the optimum device length (Lπ) is obtained
as:

Lπ =
λ0

2Δn
. (4.3)

3. The bandwidth Δf.
4. The insertion loss. It is defined as the total loss in the device. It is obtained

by adding the coupling loss that can be reduced to below 1 dB and the
transmission loss in the device region. Typical insertion loss is of 5–7 dB.
Of course, the insertion loss increases with the device length and there is
a trade-off with the CR.

Finally, there is a trade-off among these parameters. As an example the
CR is proportional to the device length whereas the bandwidth is inversely
proportional to L. Therefore, a fifth parameter can be defined, the figure of
merit (F ), for an overall characterisation of the device:

F =
Δfλ

Vπ
[GHz μm/V]. (4.4)

4.3 Mechanisms for Light Modulation

Light can be modulated using different physical effects, depending on the
material used to fabricate the modulator. In this section a brief overview of
the different physical phenomena is provided.

Certain transparent materials change their optical properties when sub-
jected to an external perturbation, as an acoustic wave, an electric field, or an
increase in temperature. Not all the materials are affected in the same way,
as it depends on their crystal structure.
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Fig. 4.1. The acousto-optical effect from [14]

4.3.1 Acousto-Optical Effect

The refractive index of an optical material can be modified by the presence
of sound, hence sound can control light, and this effect is known as acousto-
optical effect. Such an effect is a branch of the photoelastic or optoelastic
effects [5]. An acousto-optical crystal (see Fig. 4.1) is a material that modifies
its refractive index when an acoustic wave travels within its structure. Sound
waves in the crystal act as in a gas and travel through compressions and rar-
efactions of the medium. In those regions where the medium is compressed,
the density is higher and the refractive index larger; where the medium is
rarefied, its density and refractive index are smaller. In particular, in solids it
produces vibration of the molecules around their equilibrium positions, which
alter the optical polarisability and consequently of the refractive index. The
light passing through the crystal is diffracted or transmitted, depending on
the acoustic drive signal applied to the crystal. Regions of different density
are created when the sound travels through the crystal. A schematic is shown
in Fig. 4.1, from [14]. The light beam passing through the crystal is diffracted
according to the pattern (lines in the crystal) defined by the acoustic wave.
The diffraction pattern is a function of time, following the drive signal (on the
left). When the fixed frequency drive signal is turned on light is diffracted, and
when the signal is off light passes through the crystal without diffraction. The
light speed is many orders of magnitude larger than the acoustic waves, hence
at every moment light views the acoustic wave as a standing wave. The crystal
then acts as a grating for the incoming light diffracting the transmitted light.
The angle of the diffracted light depends on the wavelength of the density
variations, i.e. the drive signal frequency. By changing the frequency the dif-
fraction angle can be controlled. Silicon does not exhibit acousto-optical effect.

4.3.2 Electro-Optical Effects

Certain materials change their refractive index when subjected to a static
(d.c.) or a low-frequency electric field. This is caused by forces that distort the
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positions, orientations, or shapes of the molecules forming the material. The
origin of this effect is the atomic response to the electric field. In particular,
the application of a d.c. or slowly varying electric field is able to displace
atoms and electrons away from their equilibrium positions, thus modifying
the polarisability of the medium. Since optical waves have wavelengths three
orders of magnitude bigger than the atomic dimensions, the optical response
is the average of the response of many atomic orbitals [5, 15].

The dependence of the refractive index on the applied field can be either
linear or quadratic. In the first case the effect is known as linear electro-optical
effect or Pockels effect, in the second case it is known as quadratic electro-
optical effect or Kerr effect. The refractive index of an electro-optical medium
is a function of the applied electric field E. Since this function varies only
slightly with E, it can be expanded in a Taylor’s series about E = 0, where
the second- and higher-order terms can be neglected as they are many orders
of magnitude lower than n:

n(E) = n − 1
2
rn3E − 1

2
ξn3E2 + · · · , (4.5)

where r and ζ are Pockels and Kerr coefficients, respectively.
When the third term provides a contribution much lower than the second

the medium is a Pockels medium:

n(E) = n − 1
2
rn3E. (4.6)

Typical Pockels coefficient values are in the range 10−12 to 10−10 m V−1

and typical Pockels media are NH4H2PO4 (ADP), KH2PO4 (KDP), LiNbO3,
LiTaO3, and CdTe [15]. In general n is dependent upon the direction of the
applied field with respect to the crystal axes, hence it is necessary to univocally
define the field direction with respect to the crystal axis. The devices are
labelled as longitudinal or transverse according to the electric field direction
with respect to the light direction. The most commonly used material is the
lithium niobate (LiNbO3) having r∼ 3.1 × 10−11 m V−1. This effect is not
present in silicon due to its centro-symmetric crystal structure.

In centro-symmetric crystals the coefficient r is 0, the second term of (4.4)
vanishes and the refractive index dependence on the applied electric field is:

n(E) = n − 1
2
ξn3E2. (4.7)

In this case the material is known as a Kerr medium. Typical Kerr coef-
ficient values are in the range 10−18 to 10−14 m V−1 in crystals and 10−22 to
10−19 m V−1 in liquids [5].

A very careful study on the Kerr effect in Si has been performed by Soref
and Bennet [16]. In particular, they calculated the refractive-index change
(Δn) of crystalline Si produced by an applied electric field (E) at room tem-
perature for wavelengths ranging 1.0–2.0μm. They estimated the strength
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of the Kerr effect in crystalline Si using the anharmonic oscillator model of
Moss [17] and assuming oscillation frequency ω much lower than the oscillator
resonance frequency ω0 (ω � ω0). It gives the result:

Δn = −3e2
(
n2 − 1

) E2

2nM2�4
0x

2
, (4.8)

where e is the electronic charge, n the unperturbed refractive index, M the
effective mass, and x the average oscillator displacement. It is interesting to
note that the n perturbation is independent of optical wavelength.

Assuming n = 3.50 at λ = 1.3μm, M as the electron mass, a resonance
frequency ω0 of 2π × 1015 rad s−1, and an x value of l0−9 m, (4.7) provides
the refractive index variation Δn as a function of the applied electric field
E. The results of the calculation are summarised as a solid line in Fig. 4.2
from [16]. The calculation provides a Δn of 10−4 when the electric field reaches
l06 V cm−1. Unfortunately, such electric field value is above breakdown in
lightly doped silicon.

Another electro-optical effect in Si is the Franz–Keldysh effect. It is known
that the photoabsorption coefficient (α) rises when the band edge energy is
reached. If a semiconductor has a direct bandgap α rises very steeply, while,
as in the case of silicon, indirect bandgap semiconductors have a smaller α
increase. In any case, the absorption threshold is slightly shifted towards lower
energies if a strong electric field is applied to the semiconductor. This effect
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Fig. 4.2. Kerr effect in c-Si vs. E as determined from anharmonic oscillator mode,
see [16]
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Fig. 4.3. Franz–Keldysh effect. (a) A strong electric field tilts the band structure.
When a valence electron absorbs a photon tunnels into the conduction band. (b) A
red shift is observed. Figure from [15]

is due to the distortion of the energy bands of Si. Upon the application of an
electric field the electrons can tunnel across the bandgap, thus a lower energy
than in band-to-band absorption is required. As explained in Fig. 4.3 [15],
the tunnelling process is strongly favoured if a photon, having energy close
to bandgap, is absorbed. Such effect is more evident at wavelengths close to
the bandgap. The Franz–Keldysh effect is also called photon-assisted tun-
nelling. It actually involves both electroabsorption (Δα vs. E effects) and
electrorefraction (Δn vs. E effects), but the last effect is much lower. The
electroabsorption spectrum at the indirect edge has been measured in detail
by Wendland and Chester [18]. Also in this case, Soref and Bennet [16] per-
formed a numerical calculation to investigate the electrorefraction and the
results are summarised in Fig. 4.4 Δn(hν) was calculated over the range from
hν = 0.77–1.23 eV. This range includes a transparent region and a 0.11 eV ex-
cursion above the nominal gap. Then, Δn was expressed as a function of
optical wavelength from 1.00 to 1.60μm.

It is found that Δn reaches a maximum at 1.07μm, a wavelength slightly
below the nominal λg. Then, as λ increases Δn decreases very rapidly. At
1.07μm the Δn is 1.3 × 10−5 for and external field of 100 kV cm−1. The
change in the index as a function of the applied field is plotted in Fig. 4.4
at the optimum 1.07μm wavelength and at the nearby 1.09μm wavelength.
The figure clearly shows that the Frank–Keldysh effect decreases very rapidly
increasing the wavelength, to become close to 0 at 1.55μm, the wavelength of
interest in optical telecommunications. This effect is preferably used in direct
bandgap semiconductors, where the absorption threshold is well defined.

4.3.3 Thermo-Optical Effects in Silicon

In order to explain the thermo-optical effect, the refractive index can be writ-
ten as a complex number, n + ik, where n (conventional refractive index) is
the real part and the optical extinction coefficient k is the imaginary part.
This last coefficient is directly related to the optical absorption coefficient of
the material (α) by the relation k = αλ/4π.
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Fig. 4.4. Field dependence of electrorefraction at 1.07 μm (circle) and 1.09μm
(square) for Si, see [16]. Dashed lines are extrapolations

The thermo–optical effect lies on the fact that the refractive index is not
a constant with respect to temperature. Thermally induced modulations of
the complex refractive index originate from three major effects, namely the
changes in the distribution functions of carriers and phonons, the temperature-
induced shrinkage of the bandgap, and the thermal crystal expansion. As the
temperature rises, the latter mechanism decreases the optical density and, con-
sequently, the refractive index. Since an increase is experimentally observed,
the two former effects are obviously decisive. The variation of the refractive
index with the temperature at a constant pressure is called the thermo-optical
coefficient.

To evaluate the thermo-optical effect the n variation as a function of tem-
perature (∂n/∂T ), the thermo-optical coefficient, must be observed. Its unit is
per degree centigrade or Kelvin, and it ranges between 10−3 and 10−6 [K−1].
The thermo-optical coefficient of most of the semiconductors commonly used
in optoelectronics has been measured by Bertolotti et al. [19] using the prism
technique, in a wide wavelength range, from 0.5 to 12μm, for temperatures
in the range 15–35◦C. The results for silicon and germanium are shown in
Fig. 4.5. They found a value of 1.86 × 10−4 K−1 at 1.55μm for the thermo-
optical coefficient in Si.

Typically, the Si thermo-optical coefficient is three times greater than in
classical thermo-optical materials and eight times greater than in silica-based
materials [20]. Studies [21] performed as a function of the temperature in a
wider range, 300–580 K, and reported in Fig. 4.6 show a linear dependence
of the thermo-optical coefficient in the observed temperature range with a
variation from the 1.86 × 10−4 K−1 value measured at room temperature up
to 2.4× 10−4 K−1 at the maximum temperature measured. The data indicate
no dependence on sample doping or crystal orientation.
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The linear dependence was fitted by a polynomial showing a weak quadratic
dependence. In particular,

∂n

∂T
= 9.48 × 10−5 + 3.47 × 10−7T − 1.49 × 10−10T 2 (K−1). (4.9)

Finally, the Si room temperature value is double of the LiNbO3 coefficient
at the same wavelength and 15-fold higher than the fibre silica coefficient [22].

As mentioned earlier, not only is the real part of the complex refrac-
tive index affected by optical properties modifications, e.g. due to temper-
ature changes, but also the absorption coefficient varies. Nevertheless, for the
thermo-optic effect, the absorption variation (dα) as a function of the tem-
perature (dT ) for a lightly doped (1 × 1016 cm−3) Si sample at a wavelength
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of 1.55μm is of dα/dT ≈ 10−4cm−1K−1, hence the absorption coefficient
variation is low [23,24].

4.3.4 Free Carrier Absorption

The most important physical phenomenon affecting the silicon refractive in-
dex is the free carrier absorption. In fact, the optical properties of silicon
are strongly modified by injection of charge carriers into an undoped sample
(+ΔN) or by removal of free carriers from a doped sample (–ΔN). In particu-
lar, a photon can be absorbed by free carriers causing intra-band transitions,
the inter-band contribution being negligible. On account of the high density of
states at the band edges, the optical excitation of an electron from the valence
band to the conduction band exhibits only a very weak dependence on the
carrier concentration [16]. Therefore, a change of the complex refractive index
due to the injection of carriers originates from an increase of the free car-
rier absorption. Optically, it does not make much difference whether carriers
come from impurity ionisation or from injection, thus they will be assumed as
equivalent in the rest of the discussion. Three carrier effects are important (1)
traditional free carrier absorption, (2) Burstein–Moss bandfilling that shifts
the absorption spectrum to shorter wavelengths, and (3) Coulombic interac-
tion of carriers with impurities, an effect that shifts the spectrum to longer
wavelengths. They act simultaneously. What is experimentally observed is a
red shift of the absorption spectrum. Hence, Coulombic effects are stronger
than bandfilling in crystalline Si [16,25,26]). To theoretically describe the free
carriers-optical effect, the Drude model [27], which regards the charge carri-
ers as harmonic oscillators with vanishing binding energies, has been used.
Solving the equation of motion in the frequency domain the electrical polar-
isations due to the displacement of the electrons and the holes are obtained.
The complex refractive index is then calculated by expanding the square root
of the dielectric constant. The calculation provides the variation of both the
real part of the refractive index Δn and the absorption coefficient Δα as a
function of the variation of the electrons and holes concentrations, ΔNe and
ΔNh, respectively,

Δn = − e2λ2

8π2c2ε0n

(
ΔNe

m∗
ce

+
ΔNh

m∗
ch

)
, (4.10)

Δα =
e3λ2

4π2c3ε0n

(
ΔNe

(m∗
ce)

2
μe

+
ΔNh

(m∗
ch)2 μh

)
, (4.11)

where n is the refractive index of unperturbed crystalline Si, e the elec-
tron charge, λ the light wavelength, ε0 the permittivity of free space, c the
speed of light, m∗

ce and m∗
ch are the conductivity effective mass of electrons

and holes, respectively, while μe and μh are the electrons and holes mobil-
ity, respectively. Substituting the material parameters of silicon at the two
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wavelengths most important in telecommunication (1.3 and 1.55μm) they
become:

Δn = Δne + Δnh = − (8.35 × 10−22ΔNe + 5.70 × 10−22ΔNh

)
Δα = Δαe + Δαh = 2.51 × 10−19ΔNe + 3.91 × 10−19ΔNh

, (4.12)

Δn = Δne + Δnh = − (1.2 × 10−23ΔNe + 8.0 × 10−24ΔNh

)
Δα = Δαe + Δαh = 3.6 × 10−19ΔNe + 5.1 × 10−19ΔNh

, (4.13)

respectively, where Δne(Δαe) and Δnh(Δαh) are the n(α) changes due to
electrons and holes contributions, respectively. However, an accurate descrip-
tion of the plasma-optical effect needs to consider all scattering processes that
are assisted by phonons or impurities since free carrier absorption requires the
interaction with a third particle for momentum conservation. Although these
effects are implicitly included in the mobility, they are not treated rigorously
by the Drude model. In order to obtain a theory closer to the experimental
observations, Soref and Bennet [16] collected experimental data about the ab-
sorption spectra of heavily doped samples [28,29] and calculated the real part
of the refractive index from the Kramers–Kronig relation [30]. In fact, since
n and k are related by the Kramers–Kronig dispersion relations, the same re-
lations hold for their variations, Δn and Δk. The results of their calculations
are at 1.3μm:

Δn = Δne + Δnh = −
[
6.2 × 10−22ΔNe + 6.0 × 10−18 (ΔNh)0.8

]
, (4.14)

Δα = Δαe + Δαh = 6.0 × 10−18ΔNe + 4.0 × 10−18ΔNh, (4.15)

and at 1.55μm:

Δn = Δne + Δnh = −
[
8.8 × 10−22ΔNe + 8.5 × 10−18 (ΔNh)0.8

]
, (4.16)

Δα = Δαe + Δαh = 8.5 × 10−18ΔNe + 6.0 × 10−18ΔNh. (4.17)

The most important difference with respect to the Drude model shown here
is a Δn dependence on ΔN0.8

h . Actually, they also report a Δn dependence
on ΔN1.05

e . The last dependence is quite close to the Drude theory value
and is generally not considered. More recently, Huang et al. [30] reported a
concentration dependence proportional to ΔN1.07

e and ΔN1.03
e at a wavelength

of 1.3μm.
The real part of the complex refractive index and the absorption coefficient,

as derived from (4.14) and (4.15), are plotted in Fig. 4.7a, b, respectively.

4.4 Device Structures

Once the physical principles for light modulation in silicon have been reviewed,
a brief review of the devices proposed in literature can be done. Before such a
review, special attention must be dedicated to a device structure widely used
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to design light modulators. As mentioned in earlier sections, optical modula-
tion is achieved using either pure amplitude modulators or phase modulators
integrated in an interferometric structure. The most widely used structure is
the MZI; hence the first part of this section is devoted to the study of such a
device structure.

If light coming from a coherent source is split into two beams, and each fol-
lows a slightly different optical path, when recombining them, an interference
pattern is obtained due to the phase change between both beams. It provides
information concerning the difference between the optical paths. This oper-
ation principle lies at the heart of MZIs. A schematic of an MZ is shown in
Fig. 4.8 (from [31]). The MZI starts with a channel single-mode waveguide
and then splits into two symmetric branches by means of a Y-branch (input
coupler). After some distance, the two branches become parallel. The MZI con-
tinues with a symmetric reverse Y-branch and ends in a straight waveguide.
If the MZI is exactly symmetric and if the optical path on both branches is
exactly equal, the input light splits at the first Y-junction into the two parallel
branches and then recombines constructively into the final straight waveguide.
On the contrary, if in one of the interferometer’s arms the light suffers a phase
shift of 180◦, at the end of the second Y-branch the light coming from the
two branches will recombine out of phase and will give rise to destructive in-
terference, with no light at the output. The light is then leaked away in the
substrate. In practice, the phase shift in one arm is carried out via one of
the above-mentioned effects, by applying a voltage across the waveguide. By
adequately designing the active area (proper length, see earlier), the electrode
geometry, and the applied voltage, a total phase shift of 180◦ can be obtained
for a specific wavelength. Once the MZ working principle is known, it becomes
clear that the light absorption in the “active” interferometer arm must be as
low as possible, in order to maximise the device modulation depth. This device
is designed in order to have M = 100%. It can be proven that the best perfor-
mances are obtained when the splitting is exactly the same at both branches.
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Fig. 4.8. Structure and operation principle of an MZI. In the upper scheme the
light is transmitted, in the lower scheme a Vπ is applied to the “active” device arm,
a 180◦ phase shift is obtained with respect to the “reference” arm and the signal
output is 0

Although this division can be easily achieved in classical optics (using a beam
splitter), this is not so easy in integrated optics. So far, there are two main
problems with integrated MZI. First of all the precision and the size of the
Y-junction edge depend on the technology used. Moreover, the angle between
waveguides rarely has a value above 1◦. Thence, waveguides slowly separate,
and total device lengths of 1 cm have been reported for Si-based high-speed
modulators [32]. Standard technology is unable to produce this kind of edges
accurately and normally they become rounded when the distance between
the waveguides is the same than the minimum dimension obtainable with the
technology used. This rounding is uncontrollable. The second problem with
MZI arises from its modal behaviour. The simple description done before per-
fectly describes the MZI operation if there is a single mode light signal on
each branch, that is, all waveguides in the MZI are single mode. If it is not
so, the intensity pattern at the output will not be defined by simple two-
beam interference, since more field contributions must be considered. Hence,
if waveguides have to be single mode in the cross-section, their ribs have to be
as small as possible. However, as the rib decreases, the confinement is worse
and losses at the Y-junctions dramatically increase. Hence, it is necessary to
reach an agreement between the confinement factor and the modal properties
of the MZI waveguides.

Finally, an MZI can be designed in a “push–pull” configuration, as shown
in Fig. 4.9. The phase shift is obtained by applying a phase shift of Δφ/2 to
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Fig. 4.10. A directional coupler. Two single-mode waveguides (u and v) having
width Wu and Wv are parallel over a length L with a distance d0 between them

both arms. The bias sign is opposite in order to get a final Δφ shift of 180◦.
This configuration can be used, e.g. to diminish the peak voltage.

Another interesting device structure is the directional coupler. If it is based
on the evanescent field, it may be one of the most unused light properties in
confined media. Any guided mode has an evanescent tail that propagates off
from the core. If a second waveguide is closely placed so as to overlap the
evanescent field of the modes propagating by both waveguides, a coupling be-
tween them will be produced. The distance that the waveguides have to be
parallel so as to transfer all the power (L) depends on the working wavelength
and morphology. If light is injected to one of the waveguides, a periodic inter-
change of power between both waveguides will be obtained. Moreover, if the
waveguides are identical, there will be a complete power transfer. A schematic
of such a structure is presented in Fig. 4.10.

Assuming weakly interacting fields and single-mode waveguides, the
coupled-mode theory [33] can be applied, by obtaining the expressions for the
field evolution along the z direction. A coupling constant can be defined, de-
pending on the evanescent field overlap and being a function of the mode con-
finement inside the waveguide (which, in turn, is a function of the waveguide
width and the rib etch), the separation between waveguides and the working
wavelength [34]. There exists a periodical power exchange as a function of the
propagation distance. As an application example, directional couplers with
identical waveguides can be used for the design of optical switches. If light
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is injected only in one waveguide and the parallel distance is the coupling
length, all the power injected from waveguide u is transferred to waveguide
v. If a change in the propagation constants is introduced so as to reduce the
coupling length to half, power will be no longer at v, but will return to u.
This change in the optical constants can be done using the electro-optic ef-
fect [35]. If a given oscillating voltage is applied, an oscillating value of the
propagation constant will be obtained, causing the output signal modulation.
It should be noted, however, that this operation principle can only be applied
to those compounds, such as LiNbO3 or III–V compounds that have extremely
high electro-optical coefficient. Unfortunately, this is not the case for silicon.
Hence, directional couplers based on silicon technology cannot be applied for
electro-optical devices.

4.5 Devices Proposed in Literature

Many devices have been presented in literature, based on the physical prin-
ciples described earlier. Approaches to modulation using either the thermo-
optical or the carrier injection (or accumulation), modulating the refractive
index in a one arm of an MZI, or total internal-reflection-based structures,
cross-switches, Y switches, and Fabry–Perot (FP) resonators will be reviewed.
The absence of mechanical elements in these devices makes them more reliable
than micro-electromechanical systems (MEMS). A list of the devices proposed
in literature to date is shown in Table 4.1.

Most of the listed devices present common features: long interaction dis-
tance, high injection current densities and power consumption in order to
obtain a useful modulation depth. Such length and power requirements im-
pose difficulties in integrating these devices on-chip. There is, therefore, an
urgent need for structures that can be implemented in a micron-size region
offering low current density, low power consumption, and high modulation
depth. In fact, according to Cadien [36] from Intel, a Si-based electro-optical
modulator must satisfy very stringent requirements in order to go into the
market. The requirements for a modulator to be monolithically integrated in
telecommunication systems are summarised in Table 4.2.

4.5.1 MEMS Devices

As mentioned in Sect. 4.2 light modulation is achieved, using different ap-
proaches, by AM of the beam. The majority of light modulators can be con-
sidered as shutters, i.e. when activated they cut off a beam of light or disperse
it. This can be done mechanically, e.g. by introducing an opaque object on
the beam path, as shown in Fig. 4.11.

In general, a MEMS modulator is formed by an input waveguide, an actu-
ated region, and an output waveguide. The actuator may act on a waveguide,
as shown in Fig. 4.12, e.g. bending it with a piezoelectric element. When the
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Table 4.1. Si electro-optic modulators in literature

el. optical λ M J τs νw length

year author struct. struct. (μm) (%) (kA cm−2) (ns) (MHz) (μm) P/F ref.

1987 Lorenzo p–i–n coupler 1.3 50 1.26 2,000 F [37]

1989 Hemenway p–i–n EA 1.3 10 100 18 200 vertical F [38]

1991 Treyz p–i–n EA 1.3 75 3.0 50 ≈40 500 F [39]

1991 Treyz p–i–n MZ 1.3 65 1.6 50 ≈40 500 F [40]

1991 Xiao p–i–n FP 1.3 10 6.0 25 ≈80 vertical F [41]

1993 Huang impact EA 1.3 1 1000 2,000 P [42]

1994 Liu p–i–n EA 1.3 90 9.0 200 ≈10 800 F [43]

1994 Wang μMech Bragg 1.5 40 300 P [44]

1994 Liu p–i–n coupler 1.3 90 12.5 100 ≈20 200 F [45]

1995 Zhao p–i–n MZ 1.3 98 200 ≈10 816 F [46]

1995 Liu p–i–n FP 60 100 P [47]

1996 Zhao p–i–n coupler 1.3 97 1.027 210 ≈10 1,103 F [48]

1996 Marxer μMech FP 1.3 180 ≈10 55 F [49]

1997 Cutolo p–i–n Bragg 1.5 50 24 ≈80 3,200 P [50]

1997 Cutolo BMFET EA 1.5 20 2.3 6 ≈300 1,000 P [51]

1997 Zhao p–i–n FP 88 8.8 110 ≈20 190 F [52]

1998 Breglio BMFET Bragg >1.2 20 5.6 ≈ 300 1,000 P [53]

2000 Hewitt p–i–n EA >1.2 39 ≈40 500 P [54]

2000 Irace BMFET coupler >1.2 8 200 5900 P [55]

2001 Coppola p–i–n Bragg 1.5 94 9.3 ≈200 3,200 P [56]

2001 Coppola BMFET coupler >1.2 8 ≈200 5,000 P [57]

2003 Sciuto BMFET EA >1.2 90s 100 F [58]

2003 Barrios p–i–n FP 1.55 80 0.116 21 20 P [20,59]

2003 Barrios p–i–n FP 1.55 80 0.61 1.3 10 P [20,60]

2004 Liu MOS MZ >1.2 1GHz F [32]

2004 Png p–i–n MZ >1.2 5GHz P [61]

2005 Paniccia MOS MZ >1.2 2.5GHz F [62]

BMFET : bipolar mode field-effect transistor; EA: free carrier absorption; J : current density;

τs: switching time; P: proposed, F: fabricated

Table 4.2. Requirements for a modulator to be monolithically integrated in telecom-
munication systems

requirements metric

high bandwidth >20Gb s−1

low insertion loss <3 dB
low capacitance < 10 fF
low voltage operation <1 V
small area <100μm2

compatible CMOS processing meets EHS and micro-contamination
spec.

operational stability >100◦C, >7 years
withstand thermal processing conditions
during chip making and packaging

>250◦C, >1 h
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Fig. 4.11. Example of MEMS modulator. An actuated shutter is moved in/out of
the optical path

Input
signal

Actuator

Fig. 4.12. MEMS operation principle. The actuated element is the end of the input
waveguide that faces one of the two output waveguides, depending on the actuator
state

waveguide is bend, it faces the output guide. Other examples of actuators are
galvanostatic mirrors [63], gates shifting thanks to springs [64], and Bragg
reflectors whose grating dimensions vary using actuated springs [65].

One of the main drawbacks with MEMS is their slow response, with switch-
ing speeds of about 1–100 ms. Hence, they are used more as switches than as
modulators.

4.5.2 Thermo-Optical Modulators

A variation of the refractive index can be achieved using the thermo-optical
effect. The device may be placed as an active arm of an MZI. Of course the
waveguide warming must be limited to one arm of the MZI; hence, an partic-
ular care must be taken in designing the device structure. The first prototype
was proposed by Treyz [66] using silicon-on-insulator (SOI) technology. Such a
device was heated by means of electrical power dissipation in a resistive layer,
covering one of, or both, the MZI arms. The modulator bandwidth was few
tens of kilohertz, the speed limited by the Si thermal dissipation. An improved
version of such device was proposed by Cocorullo et al. [67, 68]. A schematic
of their device is shown in Fig. 4.13. They used both silicon-on-silicon (SOS)
and SOI substrates, the last preferred in order to reduce the insertion loss
(well below 1 dB). However, the thermal conductivity of SiO2 is about two
orders of magnitude lower than that of Si (KSiO2 = 0.013 W K cm−1). The



72 S. Libertino and A. Sciuto

Si substrate

BC
D

A
L Si

Heating film

SiO2

Fig. 4.13. The thermo-optical modulator proposed by Cocorullo et al. [67]

SiO2 layer represents a bottleneck to the heat dissipation towards the heat
sink at the wafer bottom. This consideration has its pros and cons. Due to the
better isolation with respect to SOS, lower power is dissipated to achieve the
same temperature variation. On the other hand, the draining of the stored
heat may be slower; hence longer switching times could be obtained. Their
calculations show that this is not the case. Their device has A = B = 3μm
(see figure), C = 1.5μm for an active region length of 1,000μm. The power
pulse is 2 W, to achieve a temperature increase of 10◦C, and the maximum
operation frequency achieved is 2.3 MHz with a measured M (see (4.1) of 55%.
Their calculation indicates M up to 70%.

Smaller temperature ranges for thermo-optical device operation have been
proposed. In particular, a temperature rise of 7◦C can be achieved on a
500μm-long device by applying 10-mW power as shown in [69]. The thermo-
optical effect, however, is rather slow and can only be used for below 10-MHz
modulation frequencies.

4.5.3 Free Carrier Absorption-Based Modulators

One of the first free carrier absorption-based modulators in Si was proposed
by Soref and Bennett in 1986 [70]. A device schematic (see [61]) is shown
in Fig. 4.14. It is a p+–n–n+ silicon junction, designed in a single-mode rib
waveguide. Their device is polarisation independent, in a first approximation,
and their calculations indicate a device length below 1 mm to obtain a π
radian phase shift, an MZI structure. The corresponding loss is less than
1 dB at 1.3μm. The buried SiO2 layer allows achieving low loss keeping the
possibility to have a back contact. The device structure is vertical.

Few years later, Treyz et al. [39] reported the Si waveguide intensity
modulators operating in the range of 1.3–1.55μm shown in Fig. 4.15. The
device is a vertical p–i–n structure integrated in a Si rib waveguide; the in-
trinsic region has a thickness of 7.7μm with a p-type doping concentration
of ∼5×1015 cm−3. The p+ layer has a doping concentration of ∼5×1019 cm−3

and a thickness of 0.5μm. By applying a forward bias to the device, free carri-
ers are injected into the p-type Si (guiding) region of the device. The maximum
M value achieved was 76% for a high current density of 3.4 × 103 Acm−2.



4 Electro-Optical Modulators in Silicon 73

Input light
l = 1.3 or 1.55 mm

SiO2

Phase-modulated
output light

Control
vollage V p+ Si

n+ Si

n Si
SiO2

Fig. 4.14. Proposed SOI p+–n–n+ channel-waveguide electro-optical phase modu-
lator [61,70]
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Fig. 4.15. Schematic diagram of the device proposed in [61]. Rib height is 4.6 μm
with widths of 13 and 24 μm. Diode lengths are 500 and 1000μm

The measured response time (10–90% of the transient) is less than 50 ns.
However, the performances of this device are strongly limited by the high
propagation loss of the waveguide, above 20 dB cm−1, and the devices were
multimode.

Since then, many p–i–n structures have been proposed either as full de-
vices [39,43,54,71], or as a part of an MZI [40,41,46,47,52,61,72], to convert
PM into AM. The p–i–n structure was modified from vertical (see Fig. 4.15)
to horizontal [73, 74]. The main advantage of horizontal p–i–n structures is
the possibility to use SOI wafers, thus strongly reducing the insertion loss,
since all the electrical contacts can be taken on the sample surface. As an
example, in Fig. 4.16 some of the proposed structures are reported. The hor-
izontal p–i–n structures may be asymmetrical, as in Fig. 4.16a, having the
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n+ and p+ doped region one at each side of the rib. The main drawback of
this structure is that the upper rib region may not be filled by free carriers
when the device is in the on state (forward bias), hence the light may pass
through the device partially unabsorbed. To overpass this limit a symmetrical
structure was proposed. In this case, see Fig. 4.16b, one of the doping pockets
(p+) is on top of the rib, while two symmetrical n+ doped regions are placed
on both sides of the rib. In this case, when the modulator is switched on, the
free carriers completely fill the optical path region. Studies performed on such
structures [54,61,73] show that a three-terminal device requires less drive cur-
rent (2.8 vs. 8 mA) and are faster (29 vs. 39 ns) than a two-terminal device for
an equivalent injection concentration. This is because three-terminal devices
offer more efficient carrier injection. The drawback is the higher insertion loss
due to doping contact at the rib top. Finally, the rib walls can be designed
with an angle below 90◦, see Fig. 4.16c, in order to improve the efficiency of
the free carrier collection. Such a device was proposed in 1995 by Tang and
co-workers [74]. It is integrated in a single-mode waveguide and fabricated on
SOI wafers. The device length is 500μm and it was integrated in one arm of
an MZI. The maximum operation current is 7 mA and exhibits passive loss
of 0.7 dB cm−1, while the loss in the active device is 1.3 dB. The maximum
operation frequency reported is 6 MHz. In a very recent paper [72], a series of
p–i–n devices having reduced dimensions were modelled. They are phase mod-
ulators working with drive currents as low as 0.5 mA. The simulated devices
exhibit bandwidths ranging from 70 MHz up to above 1 GHz, having transient
rise times of 0.3 ns and fall times of 0.12 ns. The single-mode waveguide di-
mensions are approximately 1μm in height and 0.5–0.75μm in width. Finally,
Iodice et al. [71] simulated an integrated waveguide-vanishing-based modula-
tor in SOI technology. It can be used either as a phase modulator or as a pure
AM device. Their active device is 3×3μm and the lateral confinement is guar-
anteed by two highly doped n+ (8×1019 As cm−3) and p+ (2×1019 Bcm−3)
regions with a depth of 1μm. This p–i–n structure has the main advantage
of being planar. Moreover, since the two doped regions face each other, the
free carrier injection efficiency is the highest possible. The main drawback of
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this structure is the high insertion loss due to the lateral confinement. In fact,
the device propagation loss is of ∼18 dB cm−1, in a single-mode waveguide.
The modulator length is 1 mm. The p–i–n diode allows injecting free car-
riers into the rib volume between the doped regions. The resulting optical
behaviour is the vanishing of the confinement in the rib region and the light
absorption/dispersion. The biasing voltage is 1.0 V, with an electrical power
consumption of 2 mW. According to their simulations a modulation depth
close to 100% is reached with a rise time of ∼10 ns. Fall time can be faster if
a proper reverse polarisation is applied to the device.

An interesting wave-vanishing structure was earlier proposed by Pirnat
et al. [75]. A structure cross-section schematic is shown in Fig. 4.17b, while
the full device structure perspective is shown in Fig. 4.17a.

The device waveguide consists of an n-type Si core layer (3.5× 1017 cm−3)
on a p-type Si (6× 1017 cm−3) substrate. When the device is forward biased,
the refractive index of the core decreases and the fundamental guided mode
is displaced downwards into the substrate. However, the mode is not extin-
guished because the substrate is bounded by a p+ contact. A spatial filter at
the output converts the mode displacement into optical intensity modulation.

Another interesting device is the one proposed by Huang in 1993 [30]. It
is based on an impact avalanche transit time-type diode to generate carriers
by avalanche multiplication. Such a device, according to the authors, should
be free from the minority-carrier lifetime limitation. Their device uses two re-
gions: the first is a small, high-field avalanche region where impact ionisation
occurs and carriers are generated; the second is a long, low-field drift region
where generated carriers cause the refractive index to be modulated. Modula-
tion speed is improved since the drifting carriers are majority carriers. They
simulate switching time below 1 ns, hence there is a modulation bandwidth in
the gigahertz range. However, the predicted current density is high, as is the
insertion loss.
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Fig. 4.17. (a) 3D view mode-displacement modulator. (b) Cross-sectional view of
device geometry with dimensions and dopant concentrations. Device proposed in [75]
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Fig. 4.18. Cross-section of the modulator proposed in [38]

A completely different structure was proposed by Hemenway et al. [38].
They propose an all-silicon reflection-type optical amplitude modulator. Free-
carrier dispersion effect is used to spatially modulate the phase of an optical
beam. Subsequent PM to AM conversion occurs by mode selection in the cou-
pled single-mode fibre. A schematic of the device is shown in Fig. 4.18. Inside
the device half of the beam is phase delayed relative to the other half. The
phase delay consists of two parts: a static delay of λ/4 and a separate, mod-
ulated, delay due to free carrier injection. The modulation depth is ∼35%, at
a driving peak current of 26 mA. A bandwidth of 200 MHz for lower injection
currents is reported.

Quite a different approach to light modulation was followed by Wang et
al. [44]. They propose an electrically induced Bragg reflector integrated in a
SOI waveguide, shown in Fig. 4.19. Interdigitated metal fingers are fabricated
on top of a silicon rib waveguide, forming Schottky junctions with the heavily
doped silicon film. The Bragg reflector is formed when the metal fingers are
alternatively forward and reverse biased. The resulting longitudinal periodic
refractive index structure, whose variation Δn is about 5.0 × 10−3, acts as
a Bragg mirror. The simulated device length was 500μm, and M was 70%,
while the device speed, limited by the RC time constant, is in the range of
50 GHz.

A similar device was proposed more recently by Cutolo and co-workers [50];
a schematic of the device structure is shown in Fig. 4.20. Their Bragg reflector
was placed in the middle of a lateral p–i–n diode. The Bragg grating has a
period of 227 nm, a depth of 45 nm, for a waveguide width of 3μm, while the
interaction length is 3.2 mm. AM was achieved by changing, through injection
of free carriers, the Bragg resonance wavelength.

Numerical simulations, made using MEDICI, indicate a modulation depth
of 50% obtained with an electrical power consumption of 4.0 mW. A response
time of 12 ns, corresponding to a maximum frequency of 42 MHz, and insertion
loss of 1.0 dB are reported for this device. The device’s performances are sim-
ilar to those observed for MZI-based modulators in terms of driving currents
and response times, but the power consumption is about three times higher
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to achieve the same modulation depth. Recent calculations on the same de-
vice [76] indicate 1.4-GHz operating bandwidth reducing the rib width. This
last device layout has a waveguide height and rib width of 1μm, etch depth
of 100 nm, and an interaction length of 3 mm. The authors attribute this im-
provement in device performances to both the reduction in dimension and the
application of a pre-bias to the modulator to an “off” level (0.6 V) just below
the turn-on voltage (0.8 V), which allowed faster movement of the injected
carriers.

Finally, a more recent work [59] proposed a modulator based on an FP
microcavity formed by two distributed Bragg reflectors (DBRs) embedded in
a SOI rib waveguide. Both DBRs have the same number of Si/SiO2 periods.
The transmission of this structure is highly sensitive to small index changes in
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the cavity, making it adequate for intensity modulation applications in a short
length. Moreover, the device requires a low concentration of injected carriers
to switch to a non-resonant position. A schematic of the proposed device is
shown in Fig. 4.21.

For illustration purposes, the trenches down to the buried oxide (BOX)
layer are drawn as empty, while in the simulated device they are assumed to
be completely filled with SiO2. Heavily doped p+ and n+ regions are defined
in the cavity region, at both sides of the rib and contacted by metal electrodes.
The rib width and Si thickness are 1.5μm, and the etch depth is 0.45μm. The
20μm-long device is predicted to require a d.c power of the order of 25μW at
an operating wavelength of 1.55μm to achieve 31 MHz operating bandwidth
with transmittance of 86%, M of 80%, and no significant thermo-optical effect.

Another approach to Si electro-optical modulation was proposed for the
first time by Cutolo and co-workers [51]. Their device is a three-terminal
BMFET integrated, in their design, in a single-mode low-loss SOI waveguide.
Since the device needs a back contact to work, the BOX layer is removed from
the region under the active device. A schematic is shown in Fig. 4.22.

The device dimensions are 6×6μm2 for the rib width and the core height,
while a etch depth of 1.5μm is assumed in the passive waveguide region. In
the active region, the lateral confinement is ensured by the gate-doped re-
gion in a planar configuration. This approach is very similar to the one used
more recently by Iodice and co-workers [71] for their p–i–n device. A more
detailed description of the operation principle of this device is provided in
Sect. 4.6 According to the authors, this three-terminal structure is more effi-
cient than the p–i–n structures previously proposed since the third terminal
allows a faster removal of the free carriers from the optical path. Their simu-
lations indicate an AM of 20%, when 126-mW power is applied to the device.
A switching time of 5.6 ns is also defined. Finally, when the device is operated
as a phase modulator (in an arm of an MZI), it exhibited a very high figure of
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merit, 215◦ V−1 mm−1 when a driving power of 43 mW is used. The switch-
ing time is lower than before, being below 3.5 ns, thus indicating a maximum
operating frequency above 100 MHz. The main drawback of this device is the
propagation loss, which is 11.8 dB cm−1 in the passive device. Experimental
measurements, carried out by Breglio et al. [53], provide a modulation depth
of 20%, with a driving power of 500 mW. The much higher power value could
be due to contact resistance in the fabricated devices. Finally, Sciuto et al. [58]
provide an experimental static M of 75% with a driving power of 160 mW for
a similar device. The transient behavior of this device is reported in Sect. 4.6.

The most promising results, a milestone for the production of a fast electro-
optical modulator, have been reported by Liu and co-workers [32] and their
device is shown in Fig. 4.23. they report the fabrication of a Si-based optical
modulator having a maximum operation frequency above 1 GHz. It is a MOS
capacitor integrated in a single-mode SOI waveguide. This device operates by
the free carrier effect and bears a close resemblance to a CMOS transistor.
Its structure consists of n-type crystalline Si with an upper rib of p-type
polysilicon. The n-type and p-type regions are separated by a thin insulating
oxide layer. Upon application of a positive voltage to the polysilicon, charge
carriers accumulate at the oxide interface by changing the refractive index
distribution in the device, hence there is a phase shift in the optical wave
propagating through the device. The measured extinction ratio is above 16 dB,
by applying a voltage of ∼7.7 V. The insertion loss is ∼15.3 dB in the on state,
including ∼4.3 dB per interface coupling loss to and from the waveguide, and



80 S. Libertino and A. Sciuto

Silicon substrate

Gate oxide

Buried
oxide

1.4 mm

0.9 mm2.5 mm

5 mm

n-Si

p-Poly-Si
Metal contact

Oxide

Vo

131018

131019

x
z

y

Fig. 4.23. The cross-sectional view of a MOS capacitor waveguide phase shifter in
SOI technology, from [32]

an ∼6.7 dB on-chip loss (active device length of 2.5 mm). Most of this loss is
due to the doped polysilicon phase shifter and undoped polysilicon waveguide.

The authors suggest several methods that may improve the device perfor-
mance even further. The first is replacing the p-type polysilicon with single
crystal Si, where the latter is expected to reduce on-chip loss by ∼5 dB. The
n-type doped crystalline silicon layer thickness is 1.4μm, while the p-type
doped polysilicon thickness at the centre of the waveguide is 0.9μm. The
gate oxide thickness is 12 nm. Both the polysilicon rib and the gate oxide
widths are 2.5μm. The n-type silicon has an active doping concentration of
1.7×1016 cm−3 and the p-type polysilicon has an active doping concentration
of 3× 1016 cm−3. The speed of the device depends on silicon and poly silicon
resistances. More details on this device can be found in Paniccia’s chapter in
this book.

4.6 How to Fabricate and Characterise
an Electro-Optical Modulator

In order to design, fabricate, and characterise a device, a modulator in our
case, few rules must be kept in mind. A schematic of the different steps needed
to fabricate a modulator is plotted in Fig. 4.24. The first thing is the definition
of the operation principle. We have described all the modulation principles
so far known for Si, and the free carrier absorption is nowadays the most
efficient. The next step is the definition of the device layout. In particular,
we decided to use a device very similar to the one proposed by Cutolo in
1997 [51], a BMFET. Typically, this device opportunely biased shows the
modulation of the conductivity in the electrical channel due to a change in the
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Fig. 4.25. (a) The cross-sectional view of the BMFET [58]; (b) distribution of the
plasma of free carriers when the device is in the off state (light passes through the
device); (c) plasma distribution when the device is in the on state (light is absorbed
in the device length)

free carrier concentration. The device is integrated within a rib waveguide and
opportunely designed in order to have the optical channel coincident with the
BMFET electrical channel. A schematic of the modulator cross-sectional view
is shown in Fig. 4.25. The device source (S) is placed on top of the rib, while
the gates (G) are located on both sides of the rib, in a configuration similar to
the symmetrical p–i–n shown in Fig. 4.16b. The drain region (D) is placed at
the back of the device. Since a back contact is required, the waveguide lower
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cladding is realised using the variation in the refractive index of heavily doped
Si (see (4.16). This choice will cause an increase in the insertion loss.

In our configuration the device works as a pure-intensity modulator, hence
no interferometric systems are needed, thus strongly reducing the overall de-
vice geometrical dimensions. This allows one to have a very small lateral di-
mension, below 50μm. The working wavelength is ≥1.2μm, corresponding to
energies below the Si bandgap. The operation principle, as mentioned earlier
is the free carriers dispersion/absorption effect achieved by the presence of a
carriers plasma in the electrical/optical channel moved in order to have the
light transmission (off state, Fig. 4.25b) or dispersion/absorption (on state,
Fig. 4.25c). The holes injected from the device gate produce an excess in the
n− channel causing the free electrons generation (due to the action mass law)
and the formation of quasi-neutral carrier plasma. By increasing the gate cur-
rent, the free carrier concentration in the plasma is increased. The device is
biased in common-source configuration with a constant gate current in order
to have a constant carrier flux injected in the electro-optical device channel.
An electric field, applied to the drain control terminal, allows one to move the
plasma inside or outside the channel, thus switching the device between the
two states.

Once the operation principle is defined, a set of electrical and optical sim-
ulations is needed (see Fig. 4.24) in order to define the best device struc-
ture. These studies have been carried out in literature [51, 57, 77] and the
optimised device dimensions defined [51].

The following step (see Fig. 4.24) is the definition of the fabrication flow-
chart. The devices were fabricated using n-type epitaxial (epi) Si layers 10μm
thick, P doped with a resistivity of ∼1 Ω cm (2 × 1015 P cm−3) grown on n-
type P doped Czochralski (CZ) Si wafers with a resistivity of ∼0.003 Ω cm
(2 × 1019 P cm−3). The samples underwent standard clean room processing.
This is a fundamental step if, in the end, the device will be passed in produc-
tion. The rib waveguide is obtained by combining standard photolithography
and reactive ion etching of Si. In this way 90◦ walls with a good quality are
obtained [58]. The rib width is 10μm, the Si core height (H) 10μm, while
the rib edge height is 0.75μm. In the fabrication process the main issue to
be considered is whether a discrete device is fabricated: the overall thermal
budget experienced by the wafer must be as low as possible, with the highest
temperature process at the beginning of the flow chart; the number of masks
must be reduced, if possible, using self-aligned processes. For this reason the
rib walls were passivated with a thin layer of thermally grown SiO2, to ensure
a good interface between Si and SiO2, and the cladding was completed by a
thick layer of deposited oxide on top of it.

The BMFET was fabricated in a limited region of the guide by implanting
arsenic ions (at a dose of 5 × 1014 cm−2) in the upper part of the rib to form
the shallow n+ source region. The p+ gate region is obtained by implanting
boron at a dose of 2 × 1014 cm−2 on the rib sides. The drain region (n+) is
the Si CZ substrate on the back of the device. The dopants are activated
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through thermal annealing at 940◦C for 40 min (As activation) and 900◦C
for 15 min (B activation, also used for SiO2 thermal growth). Finally, 3-μm
thick Al contacts are deposited on top of the devices. A schematic of the
processing steps is shown in Fig. 4.26. The modulator length is 100μm, while
the waveguide length is 1 cm.

At this point, the structural characterisation is required and a compar-
ison with the simulations, previously performed, is needed (see Fig. 4.24).
In particular, the structural characterisation was performed by combining
different techniques, and also using “non-traditional” approaches. As an ex-
ample, we combined scanning electron microscopy (SEM) analyses and elec-
trochemical etching [78]. Thin sample sections underwent anodic oxidation
in a HF/HCl/H2O solution (at a ratio of 1:3:2) applying a bias of 0.5 V for
30 s. Regions with doping concentration ≥1016 cm−3 are preferentially etched
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Fig. 4.27. SEM images of the BMFET rib after electrochemical etching [58]. (a)
Full rib, (b) particulars of the rib edge

from the sample leaving a well-defined delineation of the bi-dimensional dop-
ing profile. The SEM image of the sample after the etch provides the doping
profile. The results are shown in Fig. 4.27.

In this way it is possible to simultaneously study the structural quality of
the rib waveguide and to determine both the vertical and the lateral distrib-
ution of dopants in different regions of the devices. A SEM photograph of the
rib geometry is shown in Fig. 4.27a for a sample that underwent electrochem-
ical etching. The rib width is 10μm as expected. These data show the good
quality of the dry etching process used to define the rib. Particulars of the rib
edge are shown in Fig. 4.27b. The rib wall has an angle of 89◦ with respect to
the surface and it does not exhibit roughness visible to the microscope (TEM
analyses, not shown, confirm this result). A careful inspection of Fig. 4.27 ev-
idences the dopant profile. In fact, in both figures a lighter grey layer close to
the surface is visible. The source region extends for ∼0.1μm in depth on top of
the rib and the gate regions on the sides, 0.3μm deep, are clearly visible. This
analysis shows a contact region between the n+ and p+ pockets at the edge of
the rib. Nevertheless, the electrical characterisation of the gate–source diode
(not shown) provides a breakdown voltage value of ∼25 V, as expected for an
avalanche diode. It demonstrates that the dopant concentration in the over-
lap region is very low. Finally, spreading resistance profiling measurements
confirm the depth values of the gate and source pockets.

Once the structural characterisation is complete a feedback with simula-
tions is required. Moreover, the electrical characterisation is mandatory (see
Fig. 4.24). The electrical characterisation performed is quite standard for these
devices, hence we do not discuss it here but refer to [58] for details. The only re-
sult we mention is the modulation of the electrical channel conductivity used
to obtain the electro-optic modulation and typical of BMFET devices [77].
The electrical modulation was monitored measuring the channel resistance
variation as a function of the gate bias (VG) in common-source configuration.
The resistance values derived from the linear region slope of the BMFET
current–voltage characteristics are plotted in Fig. 4.28. The resistance ranges
from 100 to 6 Ω for gate voltages from 0 to 1.4 V. A variation of a factor ∼17
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in the channel resistivity is observed by applying 1.4 V to the gate. This vari-
ation, even if it proves the possibility to use the charge injection to achieve
the light modulation, is not the maximum modulation achievable with this
structure [58].

The last routine characterisation is the static optical characterisation. The
insertion loss of the passive device is evaluated using the cut back method on
a structure much longer than the device (1 cm) but having the same structural
and doping characteristics. Also in this case the measure is quite standard,
and hence not reported. These waveguides exhibit losses of ∼5 dB cm−1. The
coupling losses between the fibre and the device have been measured and are
∼3 dB, corresponding to the Fresnel coupling loss (∼1.6 dB at each Si/air
interface). Recent experiments carried out on Si-based waveguides provided
loss values below 2 dB cm−1 and we are confident similar values can also be
achieved in such devices. Despite the fact that the loss is higher here than
in other materials (e.g. LiNbO3), it is still “reasonable” if the possibility to
monolithically integrate all the optical components in Si is considered. The
total insertion loss for the passive device is only 0.06 dB thanks to the de-
vice’s small length, 100μm. Therefore, the proposed device is a good solu-
tion when small dimensions are required and low optical power signals are
used.

Finally, once the device is fully characterised a new set of simulations on
the actual device structure is needed. The electrical simulations were per-
formed using standard Silvaco programs ATHENA and ATLAS. Due to the
perfect symmetry of the device structure in the simulations only half of the
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device has been taken into account. In this way it is possible to strongly reduce
the simulation time. Since, also in this case, standard procedures were applied,
a detailed description of the simulations [58] is recommended. Of course, the
simulations provide some hints for the device optimisation.

To determine the device performance as a modulator, the electro-optical
characterisation must be carried out (see Fig. 4.24). The device was bonded
and electrically connected to a generator. The spectrum of the transmitted
optical signal was monitored as a function of the drain polarisation conditions
in the common-source configuration. In order to have a constant flux of car-
riers injected in the device channel, the gate current was set to a constant
value. The optical absorption was monitored from negative (−25 V) to posi-
tive (+25 V) drain biases using gate current of either 5 or 10 mA. Once the
voltage corresponding to the maximum transmitted power is identified, the
on/off voltages can be defined and M calculated. (See [79] for more details).
The experimental data demonstrate that good device performances are ob-
tained even when applying low gate currents. This result is very important if
low power consumption needs to be achieved.

Particular care must be taken when measuring the electro-optical perfor-
mances of this device, due to the high current and voltages involved in the
full device characterisation. As an example, when an electrical and thermal
insulating package is used thermal dissipation is not allowed. We measured
a significant device temperature increase during operation and obtained a
working temperature of 140◦ C for VDS = +15 V in static operation. Hence,
an insulating package cannot be used. Such relevant temperature change de-
termines an increase in the free carrier concentration, in both the modulator
and waveguide regions. As a result, the absorption coefficient increases while
an increase in the real part of the effective refractive index is achieved (see
the thermo-optical effect theory). This last effect has an opposite trend with
respect to the plasma dispersion effect, thus reducing its effectiveness. The
increase in the waveguide absorption implies a significant reduction in the
optical transmitted power also in the off state. As a result, a reduction in the
M value is achieved when the modulation switching time is small with respect
to the device thermal response time.

During the device testing, the output light intensity was monitored by an
infrared camera. The camera faces the output cross-section of the tested device
with a three-axis stage for a micrometric controlled positioning. It allows
one to observe the intensity and the modal distribution of the transmitted
optical signal. The optical characterisation indicates a static M of 90 ± 5%
(at IG = 5mA, VOFF = +10V, VON = +20 V). Furthermore, the images
collected by the infrared camera (not shown), confirm that for low positive
drain bias (off state) the light intensity is higher and confined in a smaller area
than in the unbiased configuration since the plasma under the gate terminals
(see Fig. 4.25b) improves the waveguide lateral confinement. When increasing
the drain polarisation (on state), the output light intensity is very low and it is
confined in the lower region of the optical channel (see Fig. 4.25c). Since both
the physics of plasma formation and its localisation have been theoretically
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studied as a function of the BMFET terminal biases [51] (trough experimental
data are nowadays missing) the electro-optical measurements have also been
used to experimentally verify the plasma behaviour under the electric field
effect.

The dynamic electro-optical characterisation was carried out by applying
different gate current values, in a wide range of drain voltage frequencies and
amplitudes, in order to fully characterise the device. The measurements here
reported were performed with IG = 5 mA in common-source configuration and
applying either a quasi-square or a sinusoidal signal as drain voltage (VDS)
with a duty cycle of 50%.

At low frequency, the optical transmitted signal follows the voltage applied
to the drain control terminal in common-source configuration. The optical
output power plotted in Fig. 4.29 is referred to as the left vertical axis (see
the arrows) and is expressed in mW, while the reference voltage wave, with
a frequency of 10 kHz and values between ∼10 V and ∼ 22.5 V, is referred
to as the vertical axis on the right and it is expressed in volts. Both are
measured as a function of time. A modulation depth of 73±5% was estimated
at such a frequency [80]. Since the BMFET optical performances depend on
the electrical ones, the device optical commutation speed is related to the
electrical response time, hence the drain current ID as a function of time
with respect to the drain bias VDS was measured and is shown in the inset of
Fig. 4.30. ID perfectly follows VDS with a (very small) delay of about 10 ns.
Such a value is not affected by the temperature in the monitored temperature
range (up to 200◦C). The data provide an electrical switching frequency above
100 MHz as foreseen by theoretical studies [51] and suggest an upper limit for
the device optical performances below 10 ns commutation time.
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Fig. 4.29. Electro-optical dynamic performances in common-source configuration,
IG = 5 mA and a 10 kHZ square wave voltage. Solid line: optical power (left-hand
scale); dots: VDS (right-hand scale). The modulation depth is about 73% [80]
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Fig. 4.30. Modulation depth vs. the driving frequency. In the inset, the drain
current ID follows the drain voltage VDS with a delay of 10 ns [80]

The best M values, obtained for different voltages and/or wave shapes,
are summarised in Fig. 4.30 where M , in percentage, is plotted as a function
of the electrical modulation frequency. M strongly decreases when the VDS

frequency increases, approaching the 25% threshold at 300 kHz (as marked
by the horizontal dashed line in the figure) and to about 8% at 1 MHz. We
believe that the strong reduction observed is due to a change in the main factor
determining the plasma position (1) free carrier generation/recombination and
a small contribution of carriers drift at low frequency and (2) plasma drift at
high frequency.

Optical simulations performed using commercial programs (Selene and
Prometheus by Kymata BBV) allowed us to infer some information on the
plasma concentration in our device. The results are shown in Fig. 4.31. When
the free carrier concentration increases, the modulation depth, for a fixed
length, increases. In our device static modulation depth of 90% has been
achieved, suggesting a free carrier concentration of the order of 5×1019 cm−3.
Moreover, the simulations suggest that smaller devices could be fabricated,
thus further reducing the device dimension, or in an optimised geometrical
design the driving gate current is reduced. According to the schematic shown
in Fig. 4.24 a new optimised device can now be designed.

Now, we focus our attention on the possibility, mentioned earlier, to use
the electro-optical characterisation to better understand the physics involved
in the device operation. Hence, the last part of this section is devoted to the
description of a method to study the plasma behaviour as a function of the bias
providing, for the first time, an experimental study of the plasma localisation
in the device in both static and dynamic conditions [81]. We used standard
emission microscopy (E.Mi.) analysis, and spectrally resolved photons counts,
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Fig. 4.32. E.Mi. images (1-s acquisition time) in (a) off state (light at the output);
(b) on state (no light at the output)

to monitor the photons emitted by electron–hole recombination of the biased
device, thus providing a bidimensional map of the plasma distribution in the
BMFET.

E.Mi. measurements are widely used in failure or thermal analysis and
for imaging of current conduction in dielectric films. E.Mi. images shown
in Fig. 4.32a, b can be immediately compared with the theoretical analysis
(shown in Fig. 4.25b, c), providing the experimental verification of the theory.
The E.Mi. analysis consists of a time-integrated collection of the light emission
from a polarized device from the visible to the infrared spectral region. The
measurements provide a bidimensional map of the plasma distribution, since
the electron–hole recombination within the plasma is monitored, through the
photon emission at the Si band–edge, using spectrally resolved measurements.

When the drain terminal is grounded, in common-source configuration,
the holes injected from the gate flow towards the drain and the source, as
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schematically described in Fig. 4.25b. Since the gate-facing area is larger for
the drain than for the source, the carriers are preferentially localised in the
area under the gate region and the n+/n− (source/epi-channel) transition
region, as confirmed by the E.Mi. image of Fig. 4.32a. The emission intensity
in figure is represented in false colours. Red indicates strong emission, blue,
low emission, and white regions are metal contacts. They adsorb the light
coming from the regions beneath them. In the off state the emission is due to
two spatially separated regions, under and laterally to the gate terminals, in
full agreement with the theoretical carrier distribution already described.

A positive current flows through the drain (ID) when the device is in the
on state. The holes injected from the gate reach the source due to this lower
potential as schematically shown in Fig. 4.25c. The hole excess causes the
plasma formation in a region whose extension depends on the drain voltage:
by increasing the bias, the plasma localisation in the upper electro-optical
channel region of the device increases as does its concentration. The E.Mi.
picture in Fig. 4.32b, acquired in this configuration, clearly shows that the
emission is localised in the region under the rib. The comparison between
the E.Mi. images demonstrates that the plasma can be confined in a very
small device region only, acting on the drain bias. Finally, in the open gate
or zero gate current configurations no emission from the device is detected
(not shown), even in presence of high drain currents. This result confirms the
gate-injected holes the role in the plasma formation.

We used the measurements so far reported as starting point for the dy-
namical characterisation. In normal operation conditions, a modulated VDS

bias, at frequencies up to 5 MHz, is applied to switch the device between the
on and off states. The plasma behaviour observation was again performed us-
ing the E.Mi. analysis. The measurement integration time (1 s) is much longer
than the switching time; hence, the final image is the emission overlap of the
two “final” states after switching. With “final” state we mean the plasma lo-
calisation at the end of the transition time (switch event) between the two
operation states. These results must be compared with the images obtained
in static conditions and are already presented.

The results in dynamic operation, when the device is switched between
the two operation states at frequencies of 100 Hz, 500 kHz, and 5 MHz, are
shown in Fig. 4.33a, b, and c, respectively. The plasma distribution at low
operation frequencies (100 Hz, Fig. 4.33a) is the sum of the emission in the on
and off, as clearly visible from the comparison of Fig. 4.33a with Fig. 4.32a,
b. By increasing the frequency, the emission from the regions beneath the
gate reduces while from the rib region increases (Fig. 4.33b). Such behaviour
has been observed for frequencies up to ∼500 kHz. At higher frequencies a
relevant change in the emission shape is detected, i.e. at 5 MHz (Fig. 4.33c)
it is localised in the rib region and it is very similar to the on static state of
Fig. 4.32b.

The experimental data suggest that two different phenomena drive the
plasma in the two extreme frequency conditions; otherwise exactly the same
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100 Hz(a) 500 KHz(b) 5 MHz(c)

Fig. 4.33. E.Mi. images during dynamic device operation in common-source con-
figuration at IG = 10mA: (a) 100-Hz, (b) 500-kHz, and (c) 5-MHz operation fre-
quency [81]

image would have been detected by the E.Mi., regardless of the device oper-
ation frequency.

The estimated recombination lifetime is of ∼2μs corresponding to a fre-
quency of 100 kHz; hence the free carrier recombination plays an important
role in the final plasma localisation only at frequencies below such value, as in
a Fig. 4.33a. At low frequencies the drift effect, occurring in the first tenths of
a microsecond, is overwhelmed by the generation/recombination phenomena
and the final state is mainly due to this last one. On the other hand, at fre-
quencies above the maximum for generation/recombination phenomena, the
phenomenon driving the plasma is the drift due to the electric field. In fact,
as shown in Fig. 4.33, during the measurement, only the emission under the
rib is detected. Hence, the plasma moves under the source region due to the
drift field effect. The behaviour at low and high frequencies is quite differ-
ent and confirms the presence of a threshold for the carrier effective lifetime.
A concomitant occurrence of both phenomena must be visible by E.Mi. at
the threshold frequency. The experimental data provide a frequency thresh-
old between the two effects at about 500 kHz, as shown in Fig. 4.33b. In fact,
a combination of the two emissions already observed at (a) low and (c) high
frequencies emerge as a result of the measurement. These results show that
non-standard techniques, such as E.Mi., can be used to experimentally study
the physics behind a device operation.

4.7 Conclusions

In this chapter we reviewed the physical mechanisms regulating light modu-
lation in Si and the work reported so far in literature to design and fabricate
Si-based optical modulators. The device performances reviewed clearly indi-
cate that a winning approach to obtain fast modulation in Si (in a Si rib
integrated device), above 1 GHz, is to reduce the channel waveguide dimen-
sions below 1μm. Structures proposed more than 20 years ago (e.g. p–i–n
devices) can operate at very high frequencies if their dimensions are reduced.
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An improvement of the bandwidth above tens of GHz is predicted in the near
future [62]. These bandwidths are low compared to those of “classical” electro-
optical materials but are a great breakthrough considering that silicon does
not exhibit a significant electric field-based modulation mechanism. More-
over, the possibility to integrate monolithically in electrical Si circuits optical
functions is quite an attractive prospect for future generations of devices.
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Silicon Photodetectors and Receivers

H. Zimmermann

Summary. The properties of photodiodes being exploitable in standard silicon
bipolar, complementary metal oxide semiconductor (CMOS), and BiCMOS tech-
nologies are summarized. In addition, examples of advanced photodiodes are
introduced in order to show how the properties of integrated photodiodes can
be improved significantly by minor process modifications. Furthermore, examples
of optoelectronic integrated circuits (OEICs) for such important applications like
optical storage systems, optical fiber receivers, and optical interconnect receivers
are described. New trends for the circuit topology of digital-video-disk (DVD) and
digital-video-recording (DVR) read-OEICs are covered. Progress of OEIC receivers
for optical data transmission and communication as well as low-cost optical inter-
connects is also summarized. BiCMOS optoelectronic application-specific integrated
circuits (OPTO-ASICs) seem to be a good choice for low-cost, high-speed, high-
sensitivity optical receivers especially for free-space, between-electronic-boards, and
optical-backplane applications.

5.1 Photodetectors in Standard Silicon Technologies

Nowadays, there are three types of silicon process technologies for the fabrica-
tion of integrated circuits: bipolar, complementary metal oxide semiconductor
(CMOS), and a combination of both in BiCMOS processes. These technolo-
gies are very mature and there is a trend towards integrated sensors. The
integration of optical sensors especially is very interesting. Many semicon-
ductor companies are investigating photodetectors in some of their processes.
In the following, properties of photodiodes being available without process
modifications are described.

5.1.1 Photodetectors in Bipolar Technology

Modern bipolar integrated circuits are manufactured in standard-buried-
collector (SBC) technology [1]. Without any technological modifications, the
buried N+ collector can serve as the cathode (see Fig. 5.1), the N collector
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Fig. 5.1. Schematic cross-section of a base–collector photodiode

epitaxial layer can serve as the “intrinsic” layer of a PIN photodiode, and the
base implant can serve as the anode in order to integrate PIN photodiodes
with a thin “intrinsic” region in bipolar technologies [2, 3]. The process of [2]
was described in [4]. The only difference in Fig. 5.1 compared to the cross-
section of an NPN transistor is that the N+ emitter (lying within the P-base)
is omitted, which is a pure layout matter and does not need any technological
modification.

The small thickness of the epitaxial layer of high-speed bipolar processes
in the range of about 1μm causes a low quantum efficiency in the yellow to
the infrared spectral region (580–1,100 nm). The rise and fall times of the
photocurrent for light pulses are very short due to the small epitaxial layer
thickness. In [2] a bit rate (BR) of 10 Gb s−1 for the base–collector diode
and a responsivity R of merely 48 mA W−1 for 840 nm were reported. This
low responsivity at wavelengths from 780 to 850 nm, which is widely used for
optical data transmission on short fiber lengths of up to a few kilometers, is
a major disadvantage of standard bipolar OEICs.

The base–collector diode with a sensitive area of 100μm2 fabricated in a
0.8μm silicon bipolar technology worked up to 3 Gb s−1 for a wavelength of
850 nm [3]. A sensitivity of 0.045 AW−1 was reported. A phototransistor with
a very small sensitive area of 10μm2 reached a data rate of 5 Gb s−1.

5.1.2 Photodetectors in CMOS Technology

The simplest way to build CMOS OEICs is to use the PN junctions avail-
able in CMOS processes: source/drain-substrate, source/drain-well, and well–
substrate diodes. These PN photodiodes, however, possess regions which are
free of electric fields. In these regions, the slow diffusion of photogenerated
carriers determines the transient behavior of such PN photodiodes. Published
PN CMOS OEICs are characterized by bandwidths of less than 15 MHz [5–7].
Another example is described in [8], where the OEIC was optimized for a
dynamic range of six decades in illumination.

The source/drain-substrate and source/drain-well photodiodes are more
appropriate for the detection of wavelengths shorter than about 600 nm,
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Fig. 5.2. Schematic cross-section of a PN photodiode integrated in a one-well
CMOS chip

whereas the well–substrate photodiode is more appropriate for long wave-
lengths like 780 or 850 nm. Figure 5.2, for instance, shows an N+/P-substrate
photodiode.

In addition to carrier diffusion, the series resistance of the photodiodes due
to lateral anode contacts at the silicon surface together with the relatively
large junction capacitance of the photodiode may limit the dynamical PN
photodiode behavior. In an N-well process, the anode of the N+/P-substrate
photodiode has to be at VSS potential, which may be a restriction for circuit
design.

A lateral N+/P-substrate/P+ photodiode was used as an optical detector
into which light was coupled by an integrated waveguide [5]. This detector was
realized in a 0.8μm N-well CMOS process. A maximum bandwidth of 10 MHz
was achieved with a transimpedance amplifier for a photocurrent of 1μA with
λ = 675 nm. The speed of the detector was limited by carrier diffusion due to
photogeneration outside the diode [6].

The N-well/P-substrate diode in a 2μm N-well CMOS process was used as
a photodiode in [7]. A bandwidth of 1.6 MHz with a wavelength λ = 780 nm
was reported for an unoptimized system. The leakage current density of the
photodiode was 15 pA mm−2 at 5 V. The responsivity for λ = 780 nm was
0.5 A W−1 (quantum efficiency η = 70%). The light was coupled into the
photodiode via an integrated waveguide.

5.1.3 Photodetectors in BiCMOS Technology

In order to demonstrate the speed limitation caused by the rather high
doping concentrations in modern standard technologies, we consider an N+/P-
substrate photodiode in a CMOS-based BiCMOS technology. The problem,
however, is exactly the same in modern CMOS processes. Figure 5.3 shows
the cross-section of this photodiode.
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Fig. 5.4. Transient response of a N+/P-substrate photodiode in a self-adjusting
well BiCMOS technology

Modern CMOS and BiCMOS processes are optimized with respect to
a minimum number of masks and, therefore, implement a self-aligned well
processing scheme. Such a process scheme has the effect where only N wells can
be defined in the layout (for a process using P-type substrate) and everywhere
outside the N wells, P wells are present. Therefore, there is a P well with a dop-
ing concentration exceeding 1016 cm−3 incorporated in the N+/P-substrate
photodiode. This leads to a thin N+/P-substrate space-charge region and the
effect of slow carrier diffusion is very pronounced (see Fig. 5.4). Rise and fall
times of 26 and 28 ns, respectively, for 638 nm light are determined due to the
pronounced diffusion tail. The measured −3 dB bandwidth is 6.7 MHz [9].

A standard BiCMOS technology with a minimum effective channel length
of 0.45μm (corresponding to a drawn or nominal channel length of about
0.6μm) without any modifications was used [10,11] to exploit a fast photodi-
ode. The buried N+-collector in Fig. 5.5 was used for the cathode of the PIN
photodiode. The P+–source/drain island served for the anode. The intrinsic
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Fig. 5.5. PIN photodiode in a SBC-based BiCMOS technology [10]

zone of the PIN photodiode was formed by the N well and, therefore, had only
a thickness of 0.7μm. Consequently, the responsivity of the photodiode was
only 0.07 AW−1 for a wavelength of 850 nm [10]. For a bias of 2.5 V across the
75×75μm2 PIN photodiode with a capacitance of 1.8 pF, a −3 dB bandwidth
of 700 MHz was reported. The OEIC reached a BR of 531 Mb s−1 with a bit
error rate of 10−9 and a sensitivity of −14.8 dBm. This BR was limited by
the capacitance of the photodiode and the feedback resistor of 1.4 kΩ in the
amplifier transimpedance input stage. The dark current of the photodiode was
10 nA for a reverse voltage of 2.5 V at room temperature.

In [11], a laser with a wavelength of 670 nm was used for the characteriza-
tion of the same OEIC as in [10]. The data rate was increased to 622 Mb s−1

for this wavelength. No measured result for the responsivity was given in [11].
Instead, a three times larger responsivity value of approximately 0.2 A W−1

for λ = 670 nm was estimated due to the lower penetration depth than for
λ = 850 nm. This estimation, however, may be doubtful, because possible
destructive interference in the isolation and passivation stack is neglected.
The main drawback for the photodiode used in [10,11] was its low responsiv-
ity due to the thin epitaxial layer in the SBC-bipolar based BiCMOS process.

5.1.4 Lateral PIN Photodiodes on SOI

Silicon-on-Insulator (SOI) was suggested to be the technology of future CMOS
[12]. SOI uses a thin crystalline silicon film for the integration of devices.

A cross-section of the integration scheme used for SOI receivers [13] is
shown in Fig. 5.6. The starting material was bonded and etched-back silicon-
on-insulator (BESOI), and the active Si layer was N-type (100) with a resis-
tivity of 50–80 Ω cm and a thickness of 3μm. The buried oxide layer (BOX)
was also 3μm thick. The fabrication steps have been described in detail else-
where [14]. All processing steps were fully compatible with standard CMOS
processes. Indeed, this structure could easily be implemented in a standard
process with no modifications other than the starting substrate.
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Fig. 5.6. Cross-section of lateral SOI PIN photodiode

The P- and N-fingers of the lateral, interdigitated PIN photodiode were
formed during the P-well contact and source/drain implants, respectively.
The finger width was 2μm and the spacing between the fingers was 5μm.
The total photodiode area was 51μm by 46μm. The dark current of the
SOI device was 2.1 nA at 5 V and 2.2 nA at 20 V. The onset of breakdown
occured at 40 V. The external quantum efficiency was measured as a function
of wavelength using a white light source, spectrometer, chopper, and lock-
in amplifier using a calibrated Si photodiode as a reference. At 850 nm, the
efficiency of the SOI photodiode was 29 % corresponding to a responsivity of
0.20 A W−1. The −3 dB bandwidth of the SOI photodiode with a bias |VPD| =
20 V was 2.8 GHz [13].

5.2 Advanced Photodetectors

5.2.1 Double Photodiode

In a standard CMOS or a CMOS-based triple-diffused (3D) BiCMOS tech-
nology [9], the so-called double photodiode (DPD) can be applied in order
to eliminate slow carrier diffusion. In a CMOS-based (3D) BiCMOS process,
an N well can be used as the collector of a bipolar NPN transistor. This N
well can also be used in order to form the cathode of the DPD. Figure 5.7
shows the cross-section of such a DPD [15]. The two anodes are connected
to ground. The cathode is connected to the amplifier in the OEIC. Two PN
junctions are vertically arranged.

In addition to the two space-charge regions at the two vertically arranged
PN junctions, an electric field is also present between the two space-charge
regions due to the doping gradient of the N well. Therefore, there is no contri-
bution of slow carrier diffusion from the region between the two space-charge
regions. With an integrated polysilicon resistor of 1 kΩ, rise and fall times of
3.2 and 2.8 ns, respectively, were measured for the DPD with λ = 638 nm and
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Fig. 5.8. Transient response of the DPD in BiCMOS technology shown in
Fig. 5.7 [16]

Ur = 2.5 V [16]. With an integrated 500 Ω resistor, rise and fall times of 1.8
and 1.9 ns, respectively, were found [15]. There is no indication of a so-called
diffusion tail in the photocurrent (Fig. 5.8).

5.2.2 Vertical PIN Photodiodes

Figure 5.9 shows the structure of an N−N+ CMOS-OEIC in the twin-well
CMOS approach [9]. Here the N+ substrate serves as the cathode and the P+

source/drain region forms the anode of the integrated PIN photodiode.
PIN-CMOS photodiodes with an area of 2,700μm2, a standard doping

concentration of 1× 1015 cm−3 and reduced doping concentrations in the epi-
taxial layer down to 2 × 1013 cm−3, and an integrated polysilicon resistor of
500 Ω, were fabricated in an industrial 1.0μm CMOS process [17]. For the
measurements, a laser with λ = 638.3 nm was modulated with a commercial
emitter-coupled logic (ECL) generator. The light pulses were coupled into
the photodiodes on a wafer prober via a single-mode optical fiber. The rise
(tr) and fall (tf) times of the photocurrent of the photodiodes were measured
with a picoprobe (pp), which possesses a −3 dB bandwidth of 3 GHz and an
input capacitance of 0.1 pF, and with a 20 GHz digital sampling oscilloscope
HP54750/51.
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Fig. 5.10. Measured transient response of a CMOS-integrated PIN photodiode with
an I-layer doping concentration of 2× 1013 cm−3 for λ = 638 nm and |VPD| = 3.0 V.
The overshoot in the signal is due to the direct modulation of the laser [18]

For the PIN photodiode with a doping concentration in the epitaxial
layer of 2×1013 cm−3, the oscilloscope extracted tosc,disp

r = 0.37 ns and tosc,disp
f

= 0.57 ns from the waveform shown in Fig. 5.10. The evaluation according
(tPIN

r )2 = (tosc,disp
r )2 − (tlaserr )2 − (tpp

r )2 − (toscr )2 with tlaserr = 0.30 ns, tlaserf

= 0.51 ns, tpp
r/f = 0.1 ns (pp stands for picoprobe) and toscr/f ≈ 0.02 ns results

in tPIN
r = 0.19 ns and tPIN

f = 0.24 ns [19]. With f3dB = 2.4/(π(tr + tf)), the
−3 dB bandwidth can be estimated to be 1.7 GHz for |VPD| = 3.0 V. With
the conservative estimate BR = 1/(1.5(tr + tf)), a BR, of 1.5 Gb s−1 results
for |VPD| = 3.0 V. With an antireflection coating (ARC), the quantum effi-
ciency η could be increased from 49 to 94%. To our knowledge this is the
first time that such a high speed and such a high quantum efficiency have
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been achieved with an integrated silicon photodiode for a reverse voltage of
only 3 V, whereby only a slightly modified standard CMOS process has been
used. This slight modification consisted of one additional mask to block out
the originally unmasked p-type threshold implantation. Later, however, it was
shown [9] that this additional mask is not necessary for the structure shown
in Fig. 5.9.

In contrast to transistors in bipolar OEICs, the electrical performance of
the N- and P-channel MOSFETs is not degraded when the epitaxial layer
is modified. This statement was verified by measurements (Table 5.1). The
threshold voltages of the NMOS and PMOS transistors are practically in-
dependent of the doping concentration in the epitaxial layer, because these
transistors are placed inside wells which possess a much higher doping level
of several times 1016 cm−3 than the standard epitaxial layer with about
1 × 1015 cm−3 and because the threshold implants produce an even higher
doping level (≈ 1017 cm−3) than the wells [20].

The reverse, i.e., the leakage current of the drain to well diodes is also listed
in Table 5.1 for the NMOS and PMOS transistors [20]. The leakage current for
the NMOS transistor in an epitaxial layer with reduced doping concentrations
actually seems to be smaller than for the standard concentration.

These results confirm the superiority of the PIN-CMOS integration [21]
over the PIN-bipolar integration [22] concerning process complexity. For the
PIN-CMOS integration only epitaxial wafers with a low-doped top layer have
to be used. This is not a process modification since these epi wafers can be
bought from silicon wafer manufacturers. In contrast to the PIN-bipolar inte-
gration, the electrical transistor parameters of the standard twin-well CMOS
process are completely unaffected for the PIN-CMOS integration and can be
used for circuit simulations within the design of OEICs.

A photodiode reported in [22] is appropriate for the combination of high
speed and high responsivity in bipolar and BiCMOS technologies. A thick
intrinsic zone of this vertical pin photodiode allows the high responsivity. The
other advantage of this photodiode was not reported or suggested in [22]: this
photodiode allows to increase the reverse voltage far above the circuit supply
voltage, which allows to enhance the speed of this photodiode by increasing
the electric field strength and thereby the drift velocity of photogenerated

Table 5.1. Measured threshold voltages UTh and drain leakage currents Ir
D for

different doping levels in the epitaxial layer

I-Doping UNMOS
Th Ir,NMOS

D UPMOS
Th Ir,PMOS

D

(cm−3) (V) (pA) (V) (pA)

Standard 0.79 2.19 −0.62 63.1
1 × 1014 0.79 0.83 −0.60 66.1
5 × 1013 0.79 0.81 −0.60 66.1
2 × 1013 0.78 1.02 −0.60 67.6
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electrons and holes leading to reduced rise and fall times of the photocurrent
[23,24].

Figure 5.11 shows the cross-section of the OEIC proposed in [22]. The PIN
cathode and a P isolation were implanted into the substrate. A three-step epi-
taxial growth (first 2μm as a buffer layer in order to avoid autodoping during
the epitaxial process, then a 9μm I-layer, and finally a 4μm I-layer after the
buried collector implant) was performed in order to supply the thick N-type
“intrinsic” layer with a reduced doping level (<3 × 1013 cm−3) and a thin
collector [22]. Assuming that the N+-buried collector and the N+-contact im-
plant can be used for the N+-cathode contact diffusions, that the P+-isolation
implant of the standard process can be used for the P isolation contact, and
that the base contact implant is used for the PIN anode, the process complex-
ity is increased by three additional lithography steps compared to the original
bipolar process (without steps for ARC) (1) for the N+-buried PIN cathode;
(2) for the P isolation in order to isolate the buried collectors from the N− “in-
trinsic” region and to restrict the cathode potential to the photodiode area;
and (3) for the N collector implant in order to provide the doping level of
about 1016 cm−3. Here, the bias voltage of the photodiode is not limited by
the circuit operating voltage UCC or by the breakdown voltage BVCE0 of the
NPN transistors. Larger voltages, therefore, enable high-speed operation of
the PIN photodiode. This possibility, however, was not exploited in [22]: A
−3 dB bandwidth of 300 MHz for λ = 780 nm was reported for the PIN pho-
todiode with an area of 0.16 mm2 at a bias of 3 V. The rise and fall times of
the photocurrent were 1.6 ns for these wavelength and bias values. Bandwidth
values for higher bias values, were not reported in [22]. The responsivity of the
PIN photodiode was 0.35 A W−1 (η = 57%) for λ = 780 nm. This responsivity
seems to be somewhat low, although an ARC is indicated in Fig. 5.11.

The speed enhancement possibility of this photodiode was verified in
[23–25]. A photodiode with a similar cross-section was integrated in a 0.5μm
industrial BiCMOS process [26,27]. By increasing the photodiode bias voltage
from 5 to 11 V, the bandwidth of the photodiode was increased from 1.5 to
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2.4 GHz [27]. To generate this high bias voltage from only one 5 V supply volt-
age for the photodiode a voltage-up-converter was integrated on the optical
receiver chip.

5.3 Photo-Receiver Circuits

The design of microelectronic integrated circuits is a highly developed area.
Circuits for advanced OEICs, however, are not yet investigated thoroughly. In
the following, progress in this field will be summarized especially in the exam-
ples of OEICs for optical storage systems (OS-OEICs) like DVD and DVR as
well as OEICs for receiver applications in optical interconnects, optical data
transmission, and optical communication.

5.3.1 OS-OEICS for DVD Applications

PIN-CMOS OEICs for DVD applications were investigated [28], but were
outperformed by BiCMOS OEICs [9]. The first BiCMOS approach presented
here requires no process modification to implement a DPD as shown in Fig. 5.7.
An OEIC with the DPD with a light-sensitive area of about 50× 50μm2 was
fabricated in a 0.8μm BiCMOS process [29].

The circuit diagram of a fast channel (A–D) of the OEIC for optical storage
systems (OS-OEIC) is shown in Fig. 5.12. An integrated DPD is connected
to a transimpedance amplifier using an operational amplifier to obtain a low
output offset voltage compared to a 2.5 V reference voltage as is required for
applications in optical storage systems.

For a universal applicability, the gain is switchable by MOS elements
among high (H, R3), medium (M, R4‖R3), and low (L, R5‖R4‖R3) with a
ratio of approximately 1/3 each (Fig. 5.12). Polysilicon–polysilicon capacitors
can be produced in the 0.8μm BiCMOS process and are used for frequency
compensation with C1, C2, and C3. Only NPN transistors were applied in
the signal path of operational amplifier to achieve high −3 dB bandwidths.
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Fig. 5.12. Schematic of a fast channel amplifier (A–D) in a BiCMOS OS-OEIC [29]



108 H. Zimmermann

The NPN transistors Q3 and Q4 are used to sense the base current of Q1 and
Q2, respectively. These currents are mirrored by the current mirrors M1/M2
and M3/M4 back to the bases of the input transistors Q1 and Q2, respec-
tively. This method is called bias-current cancelation. This biasing of the input
transistors Q1 and Q2 reduces the systematic output offset of approximately
110 mV, which would result from the base current of Q1 across the largest re-
sistor R3 = 20 kΩ, by more than one order of magnitude. The low-frequency
open-loop gain of the operational amplifier was 27 dB and its transit frequency
was 870 MHz with a 1 kΩ and 10 pF load. An OEIC was packaged, mounted
on a printed circuit board together with these load elements, and a probe
head with an input capacitance of 1.7 pF is used to measure the frequency
response shown in Fig. 5.13.

The measured bandwidths exceeded 92 MHz, which was much larger than
the bandwidth value 7.3 MHz of the circuit for 8× speed CD-ROMs fabricated
in 0.8μm CMOS technology with off-chip photodiodes [30].

The four sensitive channels E–H have a ten times larger sensitivity for
tracking control in the optical storage system. A DPD with approximately
twice the size of the DPDs in the channels A–D was implemented here. A value
of 90 mVμW−1 sensitivity in combination with a low offset voltage was real-
ized. Each amplifier of channels A–H covered an active area of approximately
0.079 mm2. The total OEIC die area was 3.25 mm2. The power consumption
of the OS-OEIC was less than 75 mW at 5.0 V. Table 5.2 summarizes the
properties of the OS-OEIC channels A–H.

The next shown circuit topology implements transistor transimpedance
amplifiers instead of operational amplifiers in transimpedance configuration.
The innovative topology of this OEIC for optical storage systems is shown
in Fig. 5.14.
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Table 5.2. Measured results of the high-bandwidth OS-BiCMOS-OEIC

H M L

f−3 dB (MHz) A–D 92.0 94.9 95.1
f−3 dB (MHz) E–H 5.2 8.5 14.6
Sensitivity (mV μW−1) A–D 8.8 2.9 0.9
Sensitivity (mV μW−1) E–H 88.1 29.3 9.1
UOffset (mV) A–D <10.8 <9.5 <9.0
UOffset (mV) E–H <7.4 <6.4 <6.4

Noise (dBm) @10 MHz −81.5 −85.0 −85.2
with 30 kHz RBW A–D

Noise (dBm) E–H −66.0 −67.5 −73.5

out
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Dummy I /V–converter for
offset–voltage compensation 

BOP1

BOP2

I/V–Converter

Iph

Ccomp

Ccomp

Rfb

Rfb

+

–

Fig. 5.14. Basic topology for output offset voltage reduction [31]

A current-to-voltage (I/V ) converter is connected to the integrated photo-
diode. The BOP1 (bias operating point) input allows to correct the operating
point of this transimpedance amplifier in order to cancel the output offset
voltage.

For this purpose an identical dummy I/V converter with an open input
and a low-offset operational amplifier are integrated together with the tran-
simpedance amplifier connected to the photodiode. The operational amplifier
measures the output offset voltage of the dummy I/V converter compared to
Vref = 2.1 V and changes its operation point via the BOP2 input in order to
minimize the output offset voltage. The BOP1 input of the actual transim-
pedance amplifier is also connected to the output of the operational amplifier.
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In such a way, the output offset voltage of the transimpedance amplifier can be
reduced provided that a good matching between the two I/V converters and
a low-offset voltage of the operational amplifier can be guaranteed. The first
requirement can be dealt with a careful layout reducing the distance between
corresponding devices in the two I/V converters. The second requirement can
be fulfilled, because the operational amplifier can be designed to have a very
slow response, i.e., transistors with a large emitter area or large gate lengths
and widths for a good matching can be used.

An OEIC containing four fast channels (for data extraction) and four
sensitive channels (for tracking control in the optical storage system) with
Rfb ≈ 60 kΩ values was fabricated in a 0.8μm BiCMOS technology. The
N-well/P-substrate photodiode was implemented with a light sensitive area
of 2500μm2 in the fast channels and 9100μm2 in the sensitive channels.

The schematic diagram of the fast and sensitive channels of the BiCMOS
OEIC is shown in Fig. 5.15. The transistor transimpedance amplifier is formed
by Q1 in common-emitter configuration, the PMOS load element M1, the
emitter follower Q3, and the feedback resistor Rfb1. Q3 provides a low output
impedance of this input stage. The capacitor Cfb1 is used for compensation.
The emitter follower Q11 decouples the feedback path from the output and
provides a low overall output impedance. The dummy I/V converter is formed
by Q2, M2, Q4, Rfb2, Cfb2, and Q12. Q5–Q10, R5–R10, and M3/M4 are used
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Fig. 5.15. Schematic diagram of one BiCMOS OS-OEIC channel
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for biasing. The circuit diagram in Fig. 5.15 corresponds to the interlaced
layout for good matching of the two I/V converters.

The BiCMOS operational amplifier is based on a CMOS Miller type topol-
ogy with the NPN emitter follower Q15 at the output in order to supply a
voltage source with a low output resistance for the emitter inputs BOP of the
two I/V converters. The simulated open-loop gain of the operational amplifier
was 77 dB and its transit frequency was 7.3 MHz.

A sensitivity for the fast channel of 25 and of 51 mVμW−1 for the sensitive
channels at 638 nm was found by determining the incident light power with
a calibrated photodiode. A −3 dB frequency of 58.5 MHz was measured for a
fast channel with a load of 10 kΩ and 10 pF (Fig. 5.16). The sensitive channels
showed a −3 dB frequency of 26.7 MHz with the same load. All measured
output offset voltages for photodiodes and OEICs in the dark were lower than
7.5 mV. This value is considerably lower than in the maximum simulated
offset voltage of a reference amplifier without offset compensation of more
than 72 mV for worst case transistor parameters at room temperature.

It should be mentioned that the BiCMOS operational amplifier and the
emitter BOP inputs reduce the bandwidth of the I/V converters. The output
resistance of the BiCMOS operational amplifier, however, is obviously rather
low, since the bandwidth of 58 MHz is not considerably lower than that of a
reference I/V converter of 82 MHz where the emitter of Q1 was connected to
Vref directly.

The bandwidth of the N-well/P-substrate photodiode may seem to be
rather high compared to [7] where a bandwidth of 1.6 MHz was reported for
a similar photodiode for λ = 780 nm. The high bandwidth determined here,
however, can be explained by the shorter wavelength and by an electric field,
i.e., by a drift zone for photogenerated carriers, due to the doping gradient of
the N-well similarly to that in the N-well of a DPD [32].
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Fig. 5.16. Frequency response of fast channel of BiCMOS OS-OEIC [31]
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Noise measurements at 10 MHz with a resolution bandwidth of 30 kHz
revealed values of −76 and −65 dBm for the fast and sensitive channels, re-
spectively. The power consumption determined by simulation was 36 mW for
a fast channel at a supply voltage of 5.0 V. The active die area of each channel
was approximately 0.042μm2 and the total chip area was 3.1 mm2.

When a high speed and a higher sensitivity are required in addition to
a lower output offset voltage for the OS-OEICs, a two-stage optical receiver
may be necessary. The circuit principle of such a two-stage amplifier [33, 34]
is shown in Fig. 5.17.

The circuit consists of a transimpedance amplifier for the photocurrent
and a reference I/V converter for offset compensation plus an operational
amplifier in subtractor configuration. The subtractor can also be used as a
voltage amplifier with the amplification factor RS2/RS1 enabling a high over-
all sensitivity of the OEIC. It has be mentioned, however, that offset voltages
due to mismatch of the two transimpedance preamplifiers are also amplified.
The circuit diagram of the complete circuit is shown in Fig. 5.18.

In order to achieve a high bandwidth, only NPN transistors are used in the
signal paths of the preamplifiers. Q1 is used in common-emitter configuration,
Q3 is used as emitter follower, and the feedback resistor Rfb1 together with Q1
and Q3 represents a low input impedance for the photocurrent of the DPD.

Thereby, the effect of the DPD capacitance is minimized. The reference
voltage Vref is chosen as the emitter potential of Q1 in order to increase
the reverse voltage of the DPD to VBE,Q1 + Vref . The values for R1, Rfb1,
and Cfb1 were 3 kΩ, 27 kΩ, and 25 fF, respectively. A second emitter follower
(Q11) is implemented for level shifting and decoupling of output and feedback
path. The second preamplifier consists of transistors Q2, Q4, and Q7 and the
feedback resistor Rfb2 plus the compensation capacitor Cfb2. At the outputs
of the preamplifier, C3 and C4 are added as further compensation capacitors.

–

+

Cfb

Cfb
RS1

RS1

RS2

RS2

Subtractor

out

I /U -converter

Rfb

Rfb

Uref
I/U -converter for

offset voltage compensation

DPD

Fig. 5.17. Block diagram of a two-stage optical receiver for a fast channel of a
high-speed OS-BiCMOS-OEIC
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Fig. 5.18. Schematic of high-speed BiCMOS-OEIC for the fast channels A–D in an
OS-BiCMOS-OEIC

Perfect matching of the two preamplifiers is necessary in order to obtain
Vpre1 = Vpre2 for a dark photodiode (Fig. 5.18). This perfect matching of
the two preamplifiers requires a careful layout to achieve a low output offset
voltage.

The preamplifiers are connected to the operational amplifier in subtractor
configuration via R11 and R12. The bias current cancelation introduced in
Fig. 5.12 is applied to reduce the input currents of the operational amplifier
enabling a low output offset voltage. A PMOS current mirror load with M5
and M6 is used here in order to obtain a higher open-loop gain of the opera-
tional amplifier. For R11 = R12 and R13 = R14, an analysis of the subtractor
amplifier yields the transfer function

Vout ≈ Vref +
R13

R12
IphRfb1,

when we assume a large open-loop voltage gain of the operational amplifier. A
−3 dB frequency of 189 MHz was determined by numerical prelayout simula-
tion for the complete amplifier with a load of RL = 1kΩ and CL = 10pF. The
complete two-stage amplifier was designed for a sensitivity of 10 mVμW−1 and
an offset voltage less than 10 mV for R11 = R12 = R13 = R14.

The OEIC with the DPD and the two-stage amplifier was fabricated in
a 0.8μm BiCMOS technology. The measured frequency response of this two-
stage optical receiver is shown in Fig. 5.19. A −3 dB frequency of 147.7 MHz
is determined from this frequency response. The power consumption of the
two-stage optical receiver was 35 mW at a supply voltage of 5 V. The active
die area of the two-stage optical receiver was 340μm × 140μm.

Current amplifiers instead of transimpedance amplifiers were suggested
in [35, 36]. A bandwidth of 250 MHz was achieved with this new approach.
Meanwhile, however, the performance of two-stage amplifiers like in [34] were
improved considerably by supplying both preamplifiers with one common
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Fig. 5.19. Frequency response of a two-stage optical BiCMOS receiver for the fast
channels A–D of a high-speed BiCMOS-OEIC for optical storage systems [34]

current source, whereby this measure allows to double the sensitivity. A band-
width of 380 MHz at a sensitivity of 100 mVμW−1 at 660 nm was achieved
[37,38].

5.3.2 Fiber and Interconnect Receivers

First, we demonstrate an innovative monolithic integration of vertical PIN
photodiodes in a twin-well CMOS process (Fig. 5.9), which uses epitaxial
wafers, in order to combine the high speed and the large quantum efficiency
of the photodiode [19]. In contrast to the OEICs of [39,40], here, only a single
power supply of 2.5, 3.3, of 5 V is needed. The integration of PIN photodiodes
in a twin-well CMOS technology requires much less additional process com-
plexity than the published approaches to SBC-based bipolar OEICs [22, 41].
Three additional masks were necessary for the PIN-bipolar integration and
for the avoidance of the Kirk effect. Only one photodiode protection mask
is added for the PIN-CMOS integration in order to block out an originally
unmasked threshold implantation from the photodiode area [19,42]. This ad-
ditional mask seemed to be justified due to the expected high volumes of
OEICs and OPTO-ASICs. Finally it was shown that this additional mask is
not necessary [9].

The PIN-CMOS photodiodes with an area of 2,700μm2, a doping concen-
tration Ce in the epitaxial layer of 2×1013 cm−3, and an integration polysilicon
resistor of 500 Ω, as well as complete OEICs, were fabricated in an industrial
1.0μm CMOS process. Reference samples both for the photodiodes and OEICs
with the standard doping concentration Ce = 1015 cm−3 were also fabricated.
The measurements on the PIN photodiodes and their results were described
in Chap. 2.
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Fig. 5.20. Circuit of a fiber receiver OEIC [19]

The circuit of a high-speed preamplifier with an integrated PIN photodiode
is shown in Fig. 5.20. The cascode transistors M1, M5, and M9 reduce the
Miller effect and increase the bandwidth correspondingly. The input stage
with transistors M1–M4 is a transimpedance configuration, which converts the
photocurrent change in the integrated PIN photodiode to a voltage change.
The source followers M3, M7, and M11 as well as the current sources M4, M8,
and M12 are used for level shifting. The threshold voltage of transistors M3,
M7, and M11 was reduced intentionally to about 0.4 V by the photodiode
protection mask in order to obtain lower VGS values. Due to the feedback
across the 2 kΩ resistor and to the identical dimensions of the transistors
in the different stages, a good independence from process deviations within
the relatively large specified process tolerances of the used digital CMOS
process was obtained. Three identical biasing circuits (UB1=UB2=UB3) were
used instead of one in order to avoid parasitic coupling between the stages.
The sensitivity of the PIN amplifier OEIC was 4.7 mVμW−1 increasing to
9.0 mVμW−1 with ARC, which corresponds to an overall transimpedance of
18.4 kΩ. Its power consumption was 44 mW at 5.0 V reducing to 17 mW at
3.3 V and to 9 mW at 2.5 V. The photodiode together with its metal shield
around covered an area of approximately 150μm × 150μm. The preamplifier
occupied an active area of less than 190μm × 200μm.

The rise and fall times for the OEIC with the epitaxial doping concentra-
tion Ce = 1015 cm−3 were tr = 15.5 ns and tf = 17.6 ns. These large values
for tr and tf were due to the slow carrier diffusion in the standard epitaxial
layer of the photodiode. The corresponding values for the doping concentration
2×1013 cm−3 in the epitaxial layer, where the depletion region spread through
the whole epitaxial layer and carrier diffusion in the photodiode was elimi-
nated, were 0.53 and 0.69 ns, respectively. These values indicate that CMOS
OEICs with a reduced doping concentration in the epitaxial layer having an
appropriate output buffer can be used as receivers for optical data transmis-
sion via fibers or for optical interconnects on a board level up to a BR of



116 H. Zimmermann

622 Mb s−1 in the nonreturn-to-zero (NRZ) mode, verified by a measured eye
diagram with pseudo random bit sequences (PRBS) of 223 − 1 (Fig. 5.21).

The next fiber receiver described used PIN photodiodes in the same 1.0μm
CMOS process also with a reduced doping concentration in the epitaxial layer.
The high-speed preamplifier circuit is shown in Fig. 5.22.

Only N-channel MOSFETs with a minimum channel lengths were used
in order to achieve a high bandwidth. The transistors M1–M5 operate in
common-source configuration. The input stage with M1 in transimpedance
configuration converts changes in the photocurrent of the photodiode to volt-
age changes. The feedback resistor in the input stage is formed by gate polysil-
icon. Two further stages with two transistors each are used as voltage ampli-
fiers. The polysilicon feedback resistor in each of the two stages (Rg1, Rg2)
limits the gain and therefore boosts the bandwidth. Due to the feedback resis-
tors, a good independence from process deviations within the relatively large

0.1V

Fig. 5.21. Eye diagram of the CMOS preamplifier OEIC for a data rate of
622Mb s−1 (500 ps div−1; 0.1 Vdiv−1)
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Fig. 5.22. Circuit of a fiber receiver OEIC [42]
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specified process tolerances of the used digital CMOS process is obtained. The
sensitivity of the PIN preamplifier OEIC was 13.8 mVμW−1 without ARC,
which corresponds to an overall transimpedance of 45.9 kΩ. Compared to the
above-mentioned receiver, the sensitivity of the new OEIC has been increased
by a factor of more than 2.5. Its power consumption is 2.5 mW at 5.0 V. The
photodiode has an area of 2,700μm2. The preamplifier occupies an active area
of 245μm× 140μm due to the large area necessary for the resistors formed
by low-resistivity (gate) polysilicon.

The rise and fall times measured at the OEIC output with the picoprobe
were 0.72 and 0.57 ns, respectively, with a supply voltage of 5.0 V. With these
values a bandwidth of f−3dB = 2.2/(π(tr + tf)) = 550 MHz can be estimated
for the OEIC. The higher data rate of this OEIC is due to less transistors in the
preamplifier than in the typical high-frequency circuit with cascode transistors
and source followers described before. In the above-mentioned receiver, 12
NMOS transistors were used in the preamplifier, which therefore contained
more parasitic capacitances. Here, the number of parasitic capacitances is
considerably lower. In addition, the gain per amplifying transistor is lower
here, allowing for a higher data rate of the new preamplifier.

The so-called Q-factor is defined as (B1 − B0)/(σ1 + σ0) [43], where B1

and B0 are the mean values and σ1 and σ0 are the standard deviations of the
output signal for a “1” and “0.” B1, B0, σ1, and σ0 can be determined from
eye diagram measurements.

The bit error rate (BER) then is available from BER ≈ e−Q2/2

Q
√

2π
[43]. The

BER of the OEIC has been determined with an HP54570/51 digital sampling
oscilloscope for the NRZ data rates of 622 Mb s−1 and 1 Gb s−1 in dependence
on the optical input power. The results for the BER are shown in Fig. 5.23.
From this diagram for λ = 638 nm being especially interesting for data trans-
mission via plastic optical fibers and for optical interconnects, it can be seen
that an optical input power of −15.4 dBm is necessary for a BER of 10−9 at
a data rate of 1 Gb s−1. At 622 Mb s−1 the sensitivity of the OEIC for the
same BER is −17.2 dBm. The sensitivity for a BER of 10−10 at a data rate
of 1 Gb s−1 is −14.8 dBm. The sensitivity for a BER of 10−11 at a data rate of
622 Mb s−1 is −16.5 dBm. For λ = 850 nm, a sensitivity of −15.3 dBm for a
BER of 10−9 at a data rate of 622 Mb s−1 has been verified.

These values are very good results for an OEIC in a 1.0μm CMOS technol-
ogy. The overall transimpedance of 46 kΩ and the data rate of 1 Gb s−1 result
in a 46 TbitΩ/s transimpedance data rate product. With the bandwidth of
550 MHz, a 25 THz Ω effective transimpedance product results, which exceeds
the value of 18 THz Ω reported in [44]. The sensitivity of the PIN CMOS OEIC
for a data rate of 1 Gb s−1 and a BER of 10−9 with a value of −15.4 dBm for
638 nm exceeds the sensitivity of −6.3 dBm of a 0.35μm OEIC for 850 nm [40]
by a factor of 8. It shall be mentioned that the implementation of an ARC
will improve the sensitivity of the OEICs by a value of 2–3 dB. The minimum
sensitivity of −17 dBm specified in the Gigabit Ethernet networking standard,
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Fig. 5.24. Circuit diagram of the SOI receiver [13]

therefore, may be achievable with PIN-CMOS-OEICs. The data rate of the
OEIC is limited by the amplifier in a 1.0μm technology. With sub-micrometer
PIN-CMOS-OEICs data rates in excess of 1 Gb s−1 are possible [36].

The circuit diagram for a receiver with a SOI PIN photodiode (Fig. 5.6) is
shown in Fig. 5.24. Optimum results were obtained for input transistors (M1–
M2) with 50μm widths for the SOI receiver. The functionality of the three-
stage amplifier has been described in [14]. The small-signal transfer function
of this design is discussed in [13].

At VDD = 5 V and VPD = 20 V, for 850 nm and a BER = 10−9, the
sensitivity of the SOI receiver was −26.1 dBm at 622 Mb s−1, −20.2 dBm at
1.0 Gb s−1 as well as −12.2 dBm at 2.0 Gb s−1. The dependence of the sen-
sitivity on the photodiode voltage was also investigated. The SOI receiver
demonstrated a penalty that was typically less than 1 dB as the photodiode
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supply was reduced to 10 V. For single-supply 5 V operation, the sensitivity
degraded by 2.8–3.9 dB and the maximum data rate was 1.5 Gb s−1 with a
sensitivity of −12 dBm.

The dynamic range of the receivers was measured with both a constant
voltage supply and with a variable feedback voltage (VF) as a simple form of
automatic gain control (AGC). The photodiode bias has a large impact on the
dynamic range, although the feedback voltage can be used very effectively to
compensate for this degradation. At the optimum bias point and a constant
VF, the SOI receiver exhibited dynamic ranges of >23.5 dBm, >17.7 dBm,
and 12.0 dBm at 622 Mb s−1, 1.0 Gb s−1 and 2.0 Gb s−1.

This receiver was not optimized for the best sensitivity at the higher data
rates. The dominant noise term was thermal noise of the feedback resistor
(MF) and not the channel noise of the input transistor. Better performance
is possible with an optimized circuit design in a more advanced technology.

An optical receiver with the Yamamoto type photodiode (see Fig. 5.11)
in a 0.5μm BiCMOS technology achieved a data rate of 3 Gb s−1 and to our
knowledge the best sensitivity of −24.3 dBm for 660 nm ever reported for an
silicon OEIC at this wavelength. The circuit diagram of this optical receiver
is shown in Fig. 5.25.

The receiver circuit contains only bipolar transistors with a maximum
transit frequency of about 25 GHz to achieve a high data rate. At Gb s−1

data rates, bipolar amplifiers cause less noise than MOS amplifiers. A pseudo-
differential amplifier topology allows implementation of optical receivers in
analog–digital circuits. The frequency response of the OEIC is shown in
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Fig. 5.25. Circuit diagram of the PIN-BiCMOS receiver [27]
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Fig. 5.26. The eye diagram for a data rate of 3 Gb s−1 with the average optical
input power of −24.3 dBm can be seen in Fig. 5.27.

Table 5.3 summarizes more results of the 2.4 GHz BiCMOS-OEIC. New
measurements at 5 Gb s−1 show a sensitivity of −20.5 dBm for 660 nm light
[45]. Besides the very good sensitivity very large values for the dynamical range
of the average optical input power were obtained. This very good performance
is due to the thick intrinsic zone of the integrated pin photodiode and the
drift-field-enhancement with the high reverse voltage of the photodiode. A
considerable advantage of the presented OEIC is that the user does not have to

f-3 dB = 2.4 GHz
with VUC: VPD = 11 V
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Fig. 5.26. Frequency response of the PIN-BiCMOS receiver for λ = 660 nm [27]
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Fig. 5.27. Eye diagram of the PIN-BiCMOS receiver for av. Popt −24.3 dBm at
λ = 660 nm, BER = 10−9 and PRBS = 231 − 1 [27]
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Table 5.3. Measured results of the 2.4 GHz bandwidth BiCMOS OEIC for
λ = 660 nm, BER = 10−9 and PRBS = 231 − 1 [27]

Data rate Sensitivity Transimpedance VT av. Pmax
opt Opt. dyn. range

(Gb s−1) (dBm) (kΩ) (V) (dBm) (dB)

1.0 −29.3 248 2.1 −7 22.3
1.5 −27.8 – 2.25 −7.2 20.6
2.5 −24.9 126 2.5 −7.8 17.1
3.0 −24.3 88 3.0 −7.9 16.4

provide this high photodiode bias voltage, because it is generated on the OEIC
chip. It was also shown that the generation of this photodiode bias on chip does
not degrade the sensitivity of the OEIC [45]. This PIN-BiCMOS technology
allows fabrication of low-cost optical receivers in OPTO-ASIC technology for
optical interconnect applications e.g., between electronic boards and for plastic
optical fiber (POF) receivers.

5.4 Conclusion

Double photodiode, vertical PIN photodiode, and lateral SOI photodiode
avoid slow carrier diffusion effects. The performance of integrated photodiodes
can be improved significantly when minor process changes are made to obtain
these advanced integrated photodiodes. Advanced OEICs for optical stor-
age systems have been realized. These low-offset solutions have bandwidths
ranging from 58 to 380 MHz. Furthermore, high-speed fiber receiver OEICs
have been presented. PIN-CMOS-OEICs in 1.0μm technology reach sensitiv-
ities of −17.2 dBm at 622 Mb s−1 and −15.4 dBm at 1 Gb s−1 (BER = 10−9)
with a single 5 V supply voltage. Using higher photodiode bias voltages, the
SOI receiver reaches sensitivities of −20.2 dBm at 1 Gb s−1 and −12.2 dBm
at 2 Gb s−1. The speed of integrated photodiodes and of amplifiers can be in-
creased with sub-μm technologies. A 0.6μm BiCMOS-OEIC, which generated
a high bias voltage for the pin photodiode from its single-supply voltage of
5 V, achieved a sensitivity of −24.3 dBm with 660 nm light at 3 Gb s−1 and
−20.5 dBm at 5 Gb s−1. Si PIN-BiCMOS low-cost highly reliable receivers for
Gigabit Ethernet, the Fiber Channel, as well as optical interconnects working
with 850 nm light, for instance, can be realized in OPTO-ASIC technology.
In contrast, standard deep-sub-μm CMOS technologies suffer from the photo-
diode properties and, furthermore, are not interesting for OPTO-ASIC pro-
duction due to high mask costs. It, however, seems feasible to achieve almost
as fast CMOS optical receivers in deep-sub-μm CMOS technologies, which
achieve a much worse sensitivity compared to the described PIN-BiCMOS
OEIC.
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Active SiGe Devices for Optical Interconnects

E. Cassan, S. Laval, D. Marris, M. Rouvière, L. Vivien, M. Halbwax,
A. Lupu, and D. Pascal

Summary. The realization of integrated active devices is a key point for on-chip op-
tical interconnects at 1.3–1.5μm wavelengths. The required devices are high-speed,
low-noise, and highly sensitive detectors, as well as efficient switching devices and
optical modulators. In this context, as material compatibility must be insured, the
group IV silicon–germanium technology is important due to the energy band en-
gineering that it allows, with the integration of Si/SiGe heterostructures into the
existing silicon technology. The aim of this chapter is to give a review of the recent
progress made in the field of active SiGe devices for optical interconnects. Attention
is focused on strained-layer superlattice SiGe/Si and pure Ge photodetectors, as well
on SiGe-based switching devices and optical modulators.

6.1 Introduction

In 1965, Gordon Moore predicted that the number of transistors in an inte-
grated circuit would double every two years. This tendency has appeared as
a remarkable prediction since then. The dramatic increase in the number of
transistors per chip and the shrinkage of device dimensions have allowed a
spectacular increase of operating frequencies as well as circuit functionalities.
Silicon CMOS technology is dominating the electronic market. Transistor gate
length enters the sub-50 nm range, and the transistor count per chip is nearly
exceeding the billion. Nevertheless, with the shrinkage of device dimensions
down to the nanometer scale and the huge growth of metallic interconnect
lengths to several tens of kilometers on a chip, it is expected that silicon
circuits will encounter an interconnection bottleneck in the near future [1].
The main problems that arise are linked to increasing delays of global on-chip
interconnects, signal distortion, and timing uncertainty (skew and jitter), as
well as power consumption.

In a parallel fashion, lightwave communications have received considerable
interest for 30 years with the fabrication of ultra-low-loss single-mode optical
fibers, IR laser diodes, and optical amplifiers. Optical fiber communications
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have now been deployed all over the word, enabling modern high-speed com-
munications. Due to the increasing demand for bandwidth in all applications,
the general tendency has been the reduction of distances over which optical
communications are employed. With the progressive drift from the long-haul
to inter-chip optical links, and even to on-chip optical interconnects, as re-
cently proposed [1], optical communications could meet microelectronics in a
near future.

On-chip optical interconnects require the development of silicon-based ma-
terials and devices for the generation, guidance, control, and detection of
light. Monolithic silicon microphotonics at the wavelength of 1.3–1.55μm has
received a growing interest for several years [2]. Silicon-on-insulator (SOI)
integrated optical components have been demonstrated for light distribu-
tion at the chip scale [3], including submicron SOI waveguides, 90◦-turns,
beam splitters, and H-tree distributions. The development of high-speed and
low-capacitance CMOS-compatible modulators and detectors is now among
the major challenges for realizing on-chip interconnects. Toward efficient
integrated active devices for optical interconnects, the group IV silicon–
germanium technology is important, due to the possibilities of energy bandgap
engineering that it allows. Material compatibility has allowed Si/SiGe het-
erostructures to be integrated into the existing silicon technology – both in
bipolar and MOS applications. The SiGe HBT in BiCMOS process has been
commercialized for high-frequency and low-noise applications. Si/SiGe modu-
lation field effect transistors (MODFETs) have been reported with oscillation
frequencies up to 158 GHz [4]. Other works suggest that SiGe technology is
to be used for advanced CMOS applications [5].

The energy bandgap engineering brought by the SiGe technology is a key
element for the optoelectronic integration of active devices dedicated to op-
tical interconnects. The aim of this chapter is to give a review of the recent
progress made in this field. Attention will be focused on SiGe and pure Ge
photodetectors, as well on SiGe-based optical switches and modulators.

6.2 Silicon–Germanium Technology for Optical
Interconnects

The Si and Ge band structures have been described in detail elsewhere [6–
9]. Si and Ge are miscible over the complete range of compositions. One of
the main features for optoelectronic applications is the indirect bandgap of
both materials. Indirect bandgap energies of Si and Ge are 1.12 and 0.66 eV
at 300 K, respectively. SiGe alloys maintain this indirect bandgap structure
whatever be the alloy composition.

Following the Vegard’s law, the evolution of the Si1−xGex crystal lattice
parameter is nearly linear from the Si parameter (x = 0) to the Ge one (x = 1):

a = (5.431 + 0.20x + 0.027x2) Å at T = 300K.
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The Ge/Si lattice parameter misfit at 300 K is thus about 4.2%. Figure 6.1
shows the evolution of the indirect bandgap EG of bulk SiGe alloys. It is
noticeable that two regions can be distinguished depending on the Ge mole
fraction. Si1−xGex presents a Si-like behavior for x < 85% and a Ge-like
for x > 85%. The sharp variation of EG as a function of x suggests that
optical absorption of bulk SiGe alloys at photon energies smaller than 1 eV
(i.e., wavelengths larger than 1.24μm) is low as soon as the Si percentage
is more than a few percents. Figure 6.2, which is a plot of the SiGe optical
absorption coefficient as a function of photon energy, shows that optical ab-
sorption at 1.3μm (0.95 eV) is as low as a few cm−1 for Ge mole fractions up
to 90–95%.

At the same time, the variation of the optical refractive index of bulk SiGe
alloys is smoother (Fig. 6.3). The index contrast between SiGe and Si opens
the possibility of light guidance using the SiGe/Si system as the core/cladding
materials of optical waveguides.
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With the technical development of growth techniques, such as molecular
beam epitaxy (MBE) or chemical vapor deposition (UHV-CVD, RT-CVD,
RP-CVD), it has been soon recognized in the 1985s that it could be possi-
ble to take benefit of the Ge/Si lattice misfit by growing thin strained SiGe
films. This option opened the way of energy bandgap engineering in silicon
technology, which has first emerged for III–V materials in the 1970s. These
thin SiGe films are usually deposited on an Si substrate. Because of the lattice
mismatch of around 4.2% between pure Si and pure Ge, such films are tetrag-
onally distorted, when grown to a thickness below the critical value for the
onset of misfit dislocations. As illustrated in Fig. 6.4, these films begin to
relax to their intrinsic cubic lattice constant, once the critical thickness is
exceeded.

Hence, depending on the thickness of the Si1−xGex film at a given com-
position, such films can be either biaxially strained, or strain-relaxed. The
strain-relaxed films can be considered as a sort of virtual SiGe substrate. With
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the art of epitaxial growth rapidly advancing, it has been soon recognized that
strain was an as important material parameter as composition in the Si1−xGex

heterostructure system. Many parameters, such as bandgaps, band offsets, ef-
fective masses, and so on, are indeed strongly strain-dependent, making strain
control a vital necessity for any kind of energy bandgap engineering conceiv-
able in these materials. The strain in the pseudomorphic active layer (either
tensile or compressive), includes a hydrostatic component which shifts the
average band energy level and a uniaxial component which splits the degen-
erate bands [8]. In case of Si1−xGex/Si grown alloys on unstrained Si, which
are of particular interest for the realization of active SiGe devices for optical
interconnects, the heterostructure is of type I, with a very small conduction
band offset (ΔEC < 10–20 meV), and a valence band offset ΔEV mainly due
to the splitting between the light and heavy hole levels and is given by [8]

ΔEV = 0.74.x.

Figure 6.5 shows the evolution of the indirect bandgap energy of pseudo-
morphic SiGe alloys grown on 〈100〉 Si. It is noticeable that the bandgap
energy of strained SiGe layers with 65% of Ge is lower than the energy band-
gap of pure Ge. This result opens very interesting opportunities for the
realization of integrated SiGe detectors on Si substrates.
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Unfortunately, the interest of this bandgap energy decrease must be sig-
nificantly moderated due to the order of magnitude of the SiGe/Si critical
thickness, which is limited to less than a few tens of nanometers for Ge mole
fractions above 50% (Fig. 6.6).

6.3 SiGe and Ge Photodetectors

As the final blocks dedicated to the optical/electrical conversion of signals,
photodetectors are key elements for on-chip optical interconnects. In addi-
tion to the material compatibility with the mainstream silicon technology, the
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desired properties of detectors are a high responsivity (Rλ 
 0.1 A W−1), a
high bandwidth (fC > 10 GHz), and a low dark current to enhance the signal
over noise ratio. Efficient optical coupling of light into the absorbing region is
important to guaranty a high external yield. Surface- or waveguide illumina-
tions have been proposed. For integration with optical micro-waveguides in a
silicon-compatible planar technology, the second option is preferred.

6.3.1 SiGe Photodetectors

Due to the reduction of the energy bandgap if compared with silicon, strained
SiGe materials are naturally suited to the realization of detectors in the 1.3–
1.5μm wavelength window. Nevertheless, the design of SiGe detectors is the
result of a series of compromises.

Optimization of the SiGe Layer Stack

The design of SiGe detectors is first based on an optimization of the Ge mole
fraction and the acceptable thickness of SiGe layers. The higher the Ge mole
fraction, the higher the absorption coefficient α, but the lower the layer critical
thickness hC : α is less than 100 cm−1 for x = 60% while hC is then about
5 nm [10]. In order to circumvent this severe layer thickness limitation, the use
of multiple quantum well structures has been proposed, leading to strained-
layer superlattices (SLS) composed of a series of SiGe/Si bi-layers. It was
shown that the growth criterion is that the SLS thickness is lower than the
critical thickness of the SiGe pseudomorphic layer with a Ge content equal to
the SLS average Ge one. With the notations of Fig. 6.7, this condition can be
written as

hSLS < hC(xav)

with
xav =

hSiGe

(hSiGe + hSi)
× x.

Si cladding

Si cladding

hcladding

hcladding

hSLS hwaveguide

Si
SiGe

SiGe

SiGe
Si

N�{hSiGe+hSi}

Fig. 6.7. Schematic view of an SiGe SLS grown on Si (slab waveguide optical field
is depicted in continuous line)
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Effective absorption is then estimated by taking into account the overlap with
the optical field in optical waveguides.

Optimization is made by finding the best compromise between ultra-thin
Si1−xGex layers with high x values and thicker Si1−xGex layers with lower
x values. This optimization is also complicated by the increase of the effec-
tive energy bandgap due to wave-mechanical confinement effects [11]. Results
showed that whatever the number of quantum wells and the associated possi-
ble Ge mole fractions, the overall limited content of SiGe limits the maximum
effective absorption coefficient to less than 100 cm−1 for Ge-rich SiGe layers
(%Ge up to 60%) and optical waveguide heights up to 1μm [12].

Figure 6.8 is the schematic view of the 2 mm long SLS SiGe waveguide de-
tector reported in [13]. Light guidance is ensured by a 2.5μm thick Si0.98Ge0.02

rib waveguide with 2.6 dB cm−1 propagation loss. The SLS is composed of 20
{30 nm Si +5 nm Si0.55Ge0.45} periods, which corresponds to an average Ge
mole fraction of about 6.43%. With such a low Ge mole fraction, the asso-
ciated critical thickness is about 3μm, which is higher than the layer stack
thickness (∼700 nm).

Optical loss due to free carrier absorption was estimated to be lower
than 1 dB cm−1. Quantum efficiency is about 12%, which corresponds to a
0.125 AW−1 responsivity at λ = 1.3μm. The reported dark current and de-
vice capacitance are 200 nA and 1.3 pF, respectively, leading to a maximum
operation frequency of 2.44 GHz for a 50 Ω resistive load. Carrier transit time
experiments were also carried out. Time response under a reverse bias of 5V
showed an impulse width at half maximum of about 400 ps, but also a slow
component in the time response (∼50 ns) probably due to trapping of holes
in the valence band quantum wells.

Other works have reported surface-illuminated SiGe SLS devices with
higher Ge average mole fractions (up to 10%), which exhibited low dark
currents (<60 mA cm−2), and quantum efficiencies of a few percent near

Al0.99Si0.01-contacts

contact length

photodector length

waveguide

9 mm

1.92 mm

2.5 mm p-Si0.98Ge0.02

5 mm

50 nm+-Si contact

(1020cm-3 Sb)

100 nm Si buffer

700 nm SiGe-MQW
(20�5 nm Si0.55 Ge0.45

/30 nm Sl)

waveguide (3.1017cm-3B)

(1017cm-3B)

p-Si substrate (100)

Fig. 6.8. Perspective view of the SiGe SLS detector reported in [13]
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λ = 1.3μm. Two strategies have been proposed to compensate for the low
absorption coefficient of SiGe SLSs, and thus to improve quantum efficiencies
and lower the device lengths: avalanche process and resonant detectors.

Avalanche SiGe Photodetectors

The first option to enhance the SiGe detector responsivity is to use the pho-
tocarrier multiplication mechanism proper to avalanche photodiodes (APDs)
[14]. In these devices, the reverse bias applied to the semiconductor region is
high enough so that accelerated carriers initially created by interband opti-
cal absorption can be responsible for impact ionization. The device internal
gain G depends on the electron (α) and hole (β) impact ionization coeffi-
cients, which are temperature and field dependent. The higher k = α/β, the
higher the bandwidth and the lower the device excess noise. This condition is
well filled in Si and SiGe alloys. Advanced structures are required to increase
the APD absorption (thick absorbing layer) while lowering the excess noise:
structures with separated absorption and carrier multiplication region (SAM)
have been proposed for this purpose both in III/V semiconductors and Si
technologies [15,16].

Several works have reported a significant enhancement of SiGe detectors
responsivities using an APD approach. External quantum efficiencies up to
400% have been reported (Rλ ≈ 4 A W−1 at λ = 1.3μm) for millimeter long
waveguide SiGe detectors [17]. High efficiency is then made possible by the
long absorption length in waveguide configuration while optical absorption
remains about 20 cm−1 at λ = 1.3μm. In the pioneering works mentioned
here [17], quite high voltages were required to reach the avalanche regime
(∼20–30 V).

An advanced SiGe-based waveguide SAM APD structure has been recently
proposed for 1.3μm operation [18]. Thanks to an accurate optimization of the
transport and carrier multiplications layer thicknesses, and using travelling-
wave electrodes to match the optical and radio-frequency signals all along
the device length (150–300μm), a −3 dB bandwidth of 30 GHz and a gain of
10 were theoretically obtained for a 12 V reverse bias. Further improvements
could lead to high-speed and highly sensitive SiGe APDs with lower bias
voltages in the future.

Resonant Cavity Enhanced SiGe Photodetectors

The other way which has been proposed to enhance the external efficiency of
SiGe detectors is to use of an optical Fabry–Perót cavity, so that light suf-
fers backward and forward reflections inside the absorbing material. Distrib-
uted Bragg reflectors (DBR) can typically be obtained using λ/4 layers-based
stacks. Resonant cavity enhanced (RCE) photonic devices have been exten-
sively studied [19]. In a detector design, it appears that the device external
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quantum efficiency ηEXT presents a periodic evolution as a function of wave-
length due to Fabry–Perót resonances.

For well-chosen mirror reflection coefficients (R2 = R1 exp(−αd)), where
R1, R2, α, and d are the two mirror reflection coefficients, the material ab-
sorption coefficient, and the cavity length, respectively), ηEXT is multiplied
by a cavity-enhancement factor, so that the maximum quantum efficiency can
approach 100% even with poorly absorbing layers.

Figure 6.9 is a plot of the external quantum efficiency that can be reached
with an RCE approach as a function of the normalized absorption coefficient
α × d for different values of R2. It is noticeable that with a material with an
absorbing coefficient as low as 10 cm−1, ηEXT reaches about 68% for R2 = 99%
(Rλ ≈ 0.71 A W−1 at λ = 1.3μm). It thus appears that short devices (low
capacitance) devices are feasible even with poorly absorbing SiGe materials.

Figure 6.10 shows the schematic view of the back-side-illuminated RCE
SiGe/Si MQW photodiode reported in [20]. The Fabry–Perót cavity is com-
posed of the interface between Si and the buried SiO2 layer as bottom mirror
and the SiO2–Si DBR as top mirror. The obtained responsivity of the device
was 31 mA W−1 at 1.305μm. Comparable responsivities have been reported in
other works, such as in [21]. An SiGe/Si RCE SLS detector was fabricated us-
ing wafer bonding techniques for the realization of Bragg mirrors. It should be
mentioned that fabrication of DBR is somewhat difficult in the Si1−xGex/Si
system due to the lattice parameter misfit between Ge and Si (4.2%) which
limits the layer stack thickness as well as due to the low index contrast be-
tween Si and SiGe alloys. Practical reflection coefficients are often about 50%
when mirrors are only fabricated with SiGe/Si multi-layer stacks [19].
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Fig. 6.10. Schematic of the Si0.65Ge0.35/Si back-side-illuminated RCE detector
(see [20])

Conclusion on SiGe Detectors

The main challenge in obtaining a high efficiency 1.3μm SiGe detector is the
lattice strain. SiGe detectors have layers with moderate absorption coefficients
(<100 cm−1). Solutions such as RCE and APD are thus required, yet with the
cost of additional complexity. Rather large voltages (>10 V) are needed for the
moment to obtain internal gain through the avalanche mechanism, although
progress could be made on this point in a near future. RCE devices could
also lead to high-sensitivity SiGe detectors. SiGe devices have long interac-
tion lengths in most cases (>100–200μm). Travelling-wave electrodes are thus
required (RF electrode engineering needed).

6.3.2 Ge Photodetectors

Pure germanium photodetectors have been proposed to circumvent some of
the limitations of their SiGe counterparts. With the shift from strained SiGe
materials to pure Ge, a strong increase of the optical absorption coefficient α
is obtained due to the low direct bandgap energy of Ge (0.8 eV ↔ 1.55μm):
α is about 9,000 cm−1 at λ=1.3μm, which corresponds to a 95% absorption
length of about 3.3μm. On the other hand, the main challenge is the 4.2%
lattice misfit between Ge and Si, which imposes specific strategies for the
growth of thick Ge layers on Si substrates with heights comparable with opti-
cal waveguide thickness. Germanium layers also suffer from other drawbacks.
Due to the low indirect bandgap energy of Ge (∼0.66 eV), the realization
of good Schottky contacts on Ge is difficult, which yields fairly large dark
currents in the case of metal–semiconductor–metal (MSM) detector configu-
rations [22]. Instability of the Ge surface also requires the use of advanced
passivation techniques [23].
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Germanium Growth on Si

Three main strategies have been proposed for the growth of high-quality Ge
layers on Si substrates. The first one follows a very intuitive approach. The
guiding idea is to take it the lattice parameter misfit by growing an SiGe
graded layer on an Si substrate with an increasing Ge mole fraction up to
100%. Growth of a very high-quality active Ge layer is then possible. It has
been yet a general practice that for each 10% Ge mole fraction, about 1μm
of linearly graded buffer is required to grow a high-quality SiGe alloy with
a low dislocation density [24]. As a result, the Ge growth on an Si substrate
requires a graded SiGe layer with a thickness of about 10μm.

Figure 6.11 shows a TEM view of a thick Ge layer grown on a 〈100〉 Si
substrate by this approach [24]. A surface-illuminated Ge PIN photodiode
with interdigitated electrodes was reported with a 3 dB bandwidth of 3.8 GHz,
a dark current of 5μA, and a responsivity of 0.52 A W−1 at the wavelength
of 1.3μm. The main drawback of this approach relies in the rather large
thickness of Ge layers, which limits the possibility of device integration in
optical micro-waveguides.

In the effort towards thinner active layers (<1μm) another approach based
on the use of thin SiGe buffers has been recently reported [25]. This growth
strategy is based on the optimization of a couple of two thin SiGe buffer layers
with different Ge mole fractions (total SiGe height of 1μm), that allows trap-
ping most of threading dislocations at the heterojunction interface. It follows
a significant reduction of the dislocation density in the top Ge absorbing layer.
Responsivities up to 0.5 A W−1 at 1.3μm have been recently reported using
this approach with 3 dB bandwidth of 8 GHz under a reverse bias of 10 V [25].
This growth technique represents a significant improvement if compared with
the growth of Ge on thick SiGe buffers although the required thickness to trap
the dislocations could be still relatively large (∼1μm) in the perspective view
of the detector integration with submicron optical waveguides.

0.2mm

Ge

Graded Si1-xGex

Fig. 6.11. Cross-sectional TEM image of a 1 μm-thick Ge layer grown on a 10μm-
thick SiGe buffer layer on a 〈100〉 Si substrate (after [24])
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Fig. 6.12. Schematic view of the layer stack for the direct growth of Ge layers
using the two-step CVD process described in [10]: the thickness of the Ge layer is
not limited to 300–500 nm but such values are well suited to the integration of Ge
detectors with SOI submicron optical waveguides

A third method was proposed for the direct heteroepitaxial growth of
Ge on Si despite the challenging lattice parameter misfit between these two
materials [10]. This method involves the growth of a thin (a few 10 nm) low-
temperature Ge buffer layer between the underlying Si substrate and the Ge
film grown at a higher temperature (see Fig. 6.12).

The growth of the thin Ge buffer allows avoiding 3D growth, and per-
mits concentrating most of misfit dislocations in the Ge interfacial layer.
This particular method is usually combined with a cyclic annealing process
(∼780◦/900◦) to reduce the threading dislocation density within the Ge ac-
tive film. Due to high degree of the latitude in the choice of the active Ge
layer (>200 nm), this growth method is well suited to the realization of both
surface-illuminated or waveguide-illuminated devices.

Recent Advances on Ge Photodetectors

Due to the key role of detectors in all-optical communications and to the
possibility of direct growth of Ge on Si, enabling a monolithic approach of
light detection within the Si technology, germanium detectors have received
a considerable and growing interest for a few years [10,26–31]. Several config-
urations have been proposed, including MSM devices and PIN photodiodes.
Results have been obtained at wavelengths up to 1,550 nm. Several groups
have indeed pointed out measured absorption coefficients of Ge layers on Si
at higher wavelengths than those expected for bulk Ge [26–28]. The absorp-
tion increase was attributed to bandgap narrowing induced by tensile strain
within the Ge layer, resulting from the difference in the thermal expansion co-
efficients of Ge and Si. Although the Ge layer is relaxed during growth, strain
is introduced as the structure is cooled down. For the moment, attention has
essentially been paid on surface-illuminated devices.

The schematic cross-section of the RCE Ge detector reported in [29] is
shown in Fig. 6.13. This lateral PIN photodiode with interdigitated Ti/Al
electrodes was fabricated using the two-step temperature growth process de-
scribed in the previous paragraph (low temperature Ge layer: 350◦C, 50 nm
and high-temperature Ge layer: 600◦C, 350 nm), with a thermal cycling
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annealing (TCA) (780–900◦) to lower the dislocation density. With a special
design to minimize the device capacitance and a finger space ranging from 0.4
to 0.6μm, the device exhibits a 3 dB bandwidth of 29 GHz under a reverse
bias of 2 V, a dark current of 10 mA cm−2 and a quantum efficiency of 34% at
λ = 0.85μm (responsivity = 0.233 AW−1).

This work showed that the direct heteroepitaxial growth of thin Ge lay-
ers (<500 nm) is possible with devices exhibiting low dark current and high
frequency operation. These are important points for the future realization of
waveguide detectors. The lack of response near 1.3μm was due to Si diffusion
(∼5–10%) into the Ge layer induced by TCA and, which causes a rapid de-
crease of optical absorption with increasing wavelengths, but progress in this
field are foreseeable in a near future.

Other works have related an NIR response near 1.5μm, although with
thicker Ge layers. Figure 6.14 shows the cross-sectional view of the back-side-
illuminated RCE Ge–SOI Schottky photodiode reported in [30]. This RCE
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device was realized after the growth of 1.45μm thick Ge layers, and exhibited
a 380 nA dark current at −5V, a responsivity of 0.73 A W−1 at λ = 1.55μm,
and a high −3 dB bandwidth of 12.8 GHz at −4 V.

Waveguide Ge Photodetectors for On-Chip Optical Interconnects

Works reported in [29,30] can be considered as important milestones towards
the integration of efficient Ge detectors for optical interconnects: devices with
high responsivities and high bandwidths have been demonstrated using direct
growth of Ge on Si substrates. The integration of Ge detectors with optical
micro-waveguides and the demonstration of high sensitivity devices with thin
(<500 nm) Ge layer configurations and 1.3μm operation are now among the
most important points.

The possible distribution of light at the scale of a silicon chip was demon-
strated using low-loss (0.4 dB cm−1) submicron slightly etched rib SOI micro-
waveguides, compact beam splitters and corner mirrors (Fig. 6.15).

Attention is focused here on the integration of Ge detectors in such optical
waveguides. This geometry, which is shown in Fig. 6.16, was proved to be
favorable to the placement of the electrodes required for biasing the active
device.

The first challenge for the integration of Ge waveguide detectors is the
possibility of selective growth of thin (<500 nm) Ge layers at the end of SOI
waveguides. Growth of Ge layers was realized following a two-step temperature
process in a UHV-CVD growth system [28, 31]. Figure 6.17 shows the cross-
sectional view of Ge on Si selective epitaxy realized on masked substrates [31].
It is noticeable that Ge growth in Si recesses is possible without any lattice
discontinuity, which is an important point for the detector integration.
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Fig. 6.16. Cross-sectional view of the SOI rib waveguide geometry reported in [3],
with the single-mode optical field profile calculated at λ = 1.3μm
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Fig. 6.17. SEM view of a Ge selective growth on (001) Si substrates (after [31])

Several TCA were tested to highlight the role of TCA on thin Ge lay-
ers (<500 nm) [28]. It was proved that annealing at a constant temperature
(720◦C) is enough to reduce the threading dislocations in Ge layers of 500 nm
thickness. Such thermal annealing does not change the initial crystalline order
and optical properties of Ge layers, contrary to TCA which tend to induce
a noticeable diffusion of Si within the Ge layer, thus strongly reducing the
absorption of active layers.

Two configurations of detector integration were investigated to couple the
guided light from a rib SOI waveguide to the integrated Ge photodetector:
either butt coupling where the Ge layer is grown in a recess etched in the
waveguide, or vertical coupling with a Ge layer grown on top of the waveguide
[32]. Three-dimensional finite-difference time-domain (3D-FDTD) and field
mode matching simulations were performed to evaluate the efficiency of both
photodetector integration configurations. Examples of the obtained field maps
at λ = 1.3μm are plotted in Fig. 6.18.

The main conclusions are given hereafter. About 100% of the incident light
is transmitted from the Si waveguide to the Ge layer in case of butt coupling,
i.e., losses by reflection and diffraction at the waveguide discontinuity are
negligible. The main advantage of this option is the very short absorption
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length that is obtained: more than 95% of the light intensity is absorbed after
less than a 4μm propagation length. However, this configuration requires an
accurate control of the etched depth of the silicon film in order to keep a thin
Si layer (around 30 nm) to allow the Ge growth above the buried silicon oxide.
In case of vertical coupling, the coupling between the Ge and Si waveguides
induces a periodic transfer of the light between both materials, whose strength
depends on the Ge layer thickness. The general trend is that light absorption
increases with the Ge thickness, but this evolution is not monotonous due to
a Fabry–Perót effect in the silicon–germanium bi-layers. For a well-chosen Ge
layer thickness around 310 nm, more than 95% of light absorption then occurs
within a 7μm device length.

Such ultra-short devices are greatly beneficial to high-bandwidth opera-
tion. Several electrical configurations have been studied including vertical and
lateral PIN Ge photodiodes and MSM detectors with both butt and vertical
coupling of light into the Ge active layers. Small-signal and transient simula-
tions were performed with a physical device simulator [33] to extract the device
capacitance, dark current, and impulse response of a large set of waveguide
Ge detectors. Figure 6.19, which shows the carrier collection process in an
MSM Ge detector with a 1μm spacing between two top-surface electrodes,
demonstrates the important role of the displacement current in the tempo-
ral response of MSM Ge detectors. Depending on the device configuration,
capacitances ranging from 0.2 to 5 fF were obtained, with FWHM temporal
responses ranging from 2.6 to 15 ps.

These results show the high potentiality of ultra-short Ge waveguide de-
tectors for high-bandwidth operation in the regime of tens of GHz at 1.3–
1.5μm.
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6.4 SiGe Switching Devices and Optical Modulators

Significant efforts have been reported for a few years towards silicon-based
light emitters. Due to the indirect bandgap structure of silicon and to the high-
speed operation needed for optical interconnects, silicon-compatible sources
are likely to be used with a continuous emission. Such waves carry no data
or information. An optical modulator is needed to encode data onto this
continuous light wave. Considering the integration of optics within silicon
chips, one of the targeted applications is the generation of global signals for
on-chip optical interconnects, including the global clock. Optical modulators
with speeds higher than 1 GHz are fabricated from either LiNbO3 electro-
optic crystal or III/V semiconductors including multiple quantum wells such
as GaAlAs/GaAs and InGaAsP/InP using the quantum confined stark effect
(QCSE). These devices have demonstrated modulation frequencies beyond
40 GHz but are not compatible with the Si technology.

With the rapid introduction of optics within shorter and shorter distances,
silicon-based optical interconnects could also rapidly include technologies first
introduced for long distance lightwave communications. Among them, pho-
tonic components for switching and routing, including wavelength-selective
components to exploit the wavelength division multiplexing (WDM) tech-
nique, could be key elements. Such components are also traditionally fab-
ricated using III/V compounds, which are not compatible with the mature
silicon technology.

The realization of switching devices and modulators in silicon technology
is a challenging task if compared with III/V semiconductor technology or
LiNbO3 due to the limited physical effects available to obtain refractive in-
dex and/or optical absorption variations. In this context, the introduction of
silicon–germanium alloys is welcome due to the additional degree of freedom
it allows.
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6.4.1 Electro-Optical Effects in SiGe Materials

Although the refractive index and the optical absorption coefficient are linked
one to each other by the Kramers–Krönig relationships, one of these two effects
is generally favored. Optical modulators can be thus classified in two main
categories: either electro-absorption or electro-refractive modulators. Photonic
switches exploit the same physical effects.

Electro-optical effects in Si have been described elsewhere [34]. Here, we
will focus on SiGe compounds. SiGe materials do not differ significantly from
Si. Thermo-optical index variations (Δn ∼ 2×10−4 K−1 at T = 300 K) can be
used yet with very slow time responses (∼1 ms). Electro-optical effects have
a moderate amplitude: due to the crystal symmetry, there is no linear-field
(Pockels) effect in Si, while the quadratic (Kerr) effect is very low (Δn ∼
8×10−7 K−1 for a 105 Vcm−1 electric field). As in Si, the more efficient effect
to obtain a rapid refractive index variation is obtained by the variations of
free carrier concentrations as described by Soref et al. [35].

Another approach is to exploit the electro-absorption properties of SiGe
materials and heterostructures. Electro-absorption in bulk SiGe (Franz–
Keldysh effect) is of the same order of magnitude as in Si: the obtained
refractive index variation at 1.3μm is about 10−6 for an applied field of
about 105 V cm−1. A more interesting option is to use the possibility of energy
band engineering offered by the silicon–germanium technology to exploit the
quantum-confined Stark effect (QCSE) as used in III/V-based modulators.

6.4.2 SiGe Switching Devices

SiGe switching devices proposed up to now are based on free-carrier-induced
refractive index variations using injection structures. SiGe alloys are mainly
used for light guiding, which is allowed by the refractive index increase with
the Ge mole fraction x. The energy bandgap of pseudomorphic SiGe alloys
grown on Si is approximately 1.12 eV–0.74x [8], so that x < 23% ensures that
there is no absorption at λ = 1.3μm. In the limit of low Ge mole fractions
(x < 20%), the refractive index contrast Δn of SiGe layers with respect to
Si is about 0.3x [36], so that Δn ≈ 0.012 for x = 4%. Photonic switching
devices are composed of a solid-state structure for carrier injection (typically
a forward-biased PN junction) and an optical integrated structure with input
and output waveguides. The desirable properties of a photonic switch are low
insertion loss (IL), low crosstalk, low switching voltage, high switching speed,
low power consumption, high integration, and a good reliability.

Several similar structures have been proposed either based on a Y-branch,
a two-mode interference directional coupler, a Mach-Zehnder interferometer,
or waveguide optical cross-connects. As a typical example, an integrated 3×2
photonic switch in SiGe alloy for near 1.5μm operation is reported in [37].
This 3 mm-long structure, which is based on a multi-wavelength cross-connect
structure, was fabricated using UHV-CVD process to realize Si0.96Ge0.04/Si
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few-micrometer-scale single-mode rib waveguides at λ = 1.55μm. Depend-
ing on the chosen input wavelength (1,540, 1,550, or 1,560 nm) and on the
ON/OFF bias states of two PN junctions, this structure can act as an opti-
cal power splitter, a one-wavelength switch, an optical multiplexer, an optical
combiner, and optical add-drop multiplexer, and a three-wavelength switch.
The device insertion loss was 2 dB, with a crosstalk of −22 dB, a bias current
of 120 mA for each of the two PN junctions, and a switching speed of 200 ns.

Other SiGe-based photonic switches recently published are characterized
by comparable properties [38, 39]. These devices exploit rather large single-
mode SiGe/Si optical waveguides (
1μm). For the moment, the proposed
components have DC currents around 100–200 mA, moderate switching speeds
(∼100 ns), and device lengths of a few millimeters, although further improve-
ments could appear in the future. Such structures, allowing the control of light
within the silicon technology, are important devices for optical interconnects.

6.4.3 SiGe Optical Modulators

Two types of SiGe optical modulators are described in this section. Electro-
absorption modulators are described first. Electro-refractive SiGe modulators
are then described, with an emphasis on depletion-based structures coupled
with an integrated optical interferometer.

SiGe Electro-Absorption Modulators

The basic principle of electro-absorption modulators is to obtain a variation
of light intensity at the device output through the variation of the opti-
cal absorption coefficient of the modulator material. ON/OFF states corre-
spond to the situation of low absorption coefficient (αON) and high absorp-
tion (αOFF), respectively. A schematic view of a waveguide multiple quantum
well SiGe/Si electro-absorption modulator is given in Fig. 6.20. Due to the
waveguide geometry, a large interaction length with the absorbing layers can

BIAS

Si barriers

LIGHT
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SixGe1-x PON (aON)

POFF (aOFF)

orG

Fig. 6.20. Schematic view of a waveguide multiple quantum well SiGe/Si electro-
absorption modulator (the optical field of the slab waveguide is plotted in red: the
overlap factor with SiGe layers is Γ )
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be achieved. The interaction with the active material is optimized through
the optical factor Γ (0 < Γ < 1) between the optical mode and the absorbing
layers.

The desirable properties of an integrated modulator are a high contrast
ratio (CR), low IL, high-speed operation, low voltage and low power consump-
tion, and a high potential for monolithic integration. With the notations of
Fig. 6.20, CR and IL are given by the following relationships:

CR = POFF/PON = exp[−Γ × (αOFF − αON) × L],

ILdB = 10 × log(P0/PON) = 4.34Γ × αON × L.

Large values for CR are obtained with large differences of optical absorption
between the ON and OFF states.

QSCE is an electro-absorption effect based on the wave-mechanical con-
finement of electrons and holes in quantum well (QW) structures [14]. In
absence of applied electric field, the exciton oscillator strength is reinforced
due to the electron and hole confinement, so that an exciton peak absorption
is present. When a transverse field is applied, the confined conduction and
valence band energy levels decrease so that the photon energy undergoes a
red-shift and the exciton peak is lowered due to electron and hole separa-
tion [14]. Contrary to what holds for III/V semiconductors, it was proved
that QSCE is very weak in case of SiGe QW structures due to the indirect
bandgap structure of SiGe materials and to the very low confinement of elec-
trons in conduction band QWs [40]. A modified approach was proposed in [41].
Considering an SiGe QW with a well chosen Ge mole fraction, photons with
energy equal to the electron/heavy hole transition are absorbed in absence of
field due to the strong overlap between the electron and hole wavefunctions.
A small transverse field then reduces the oscillator strength corresponding to
this transition due to the delocalization of the carrier wavefunctions, thus re-
ducing the optical absorption of layers. It is noticeable that, unlike in the case
of QSCE electro-absorption modulators, the photon energy in this scheme
should be higher than the bandgap of the SiGe QW (x 
 23% for 1.3μm
operation) for optimal operation.

The strength of this electro-absorption effect was theoretically estimated
in [41]. The interband absorption was calculated in the unique SiGe/Si QW
depicted in Fig. 6.21 as a function of the QW width and the applied transverse
electric field. In each case, all energy levels and carrier wavefunctions were
calculated, and the interband absorption coefficient was then evaluated using
the Fermi Golden Rule and taking into account all transitions between the
conduction and valence levels.

Figure 6.22 shows the result obtained at λ = 1.2μm under flat-band con-
ditions as a function of a square Si0.6Ge0.4/Si QW width. It shows then an
optimum is found for a QW width of about 3.5 nm, with an optical absorption
coefficient of about 445 cm−1.
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Fig. 6.22. Calculated optical absorption coefficient at λ=1.2 μm as a function of
the width of the square quantum well (SQW) depicted in Fig. 6.20 (see [41])

The calculated effect of the transverse field is shown in Fig. 6.23 for
this optimized QW. Figure 6.23 shows that with moderate fields involved
around 2 kV cm−1, the reachable optical absorption ON/OFF contrast is
about 80 cm−1.

An experimental demonstration of an Si0.6Ge0.4–Si electro-absorption
modulator was reported in [42]. The device length was 100μm, with IL = 28 dB
and CR = 2.9 at λ = 1.15μm. This wavelength was chosen due to the high Ge
mole fractions needed for 1.3μm operation. The requirement of an accurate
control of the doping profiles to control the CB and VB shapes was mentioned
in this work. These VB and CB profiles have indeed a direct impact on the
carrier wavefunctions, and thus on the device operation.

SiGe Electro-refractive Modulator

Due to the relative weakness of electro-absorption effects in SiGe heterostruc-
tures, the use of free carrier concentration variations was considered for the
realization of fast modulators. Contrary to the electro-absorption-based mod-
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Fig. 6.23. Absorption coefficient as a function of the transverse field in case of a
single square Si0.6Ge0.4/Si quantum well of 3.5 nm thickness (see [41])

ulators, an integrated interferometer is then needed to convert the refractive-
index induced phase modulation into an intensity one. Injection-based devices
have generally rather large DC currents (
10 mA) and moderate response
times (
1 ns) due to electron/hole recombination processes. For this reason,
a modulation-doped (MD) multi-layer SiGe/Si device integrated in a reversed-
biased PIN diode was proposed [43,44]. In this case, only one kind of carrier is
involved, so that no recombination process takes place and a high-frequency
operation can be expected (>1 GHz). Moreover, the current density is reduced
in the active region, if compared with carrier injection in forward-biased PIN
diode, and this limits power dissipation.

Figure 6.24 is a schematic view of the MD SiGe/Si multiple well structure
from [44]. The active region of the SiGe/Si modulator is constituted of a stack
of Si1−xGex thin layers surrounded by Si non-intentionally doped (nid) layers
(∼1016 cm−3). As shown in Fig. 6.24, silicon highly doped P+ δ-layers are
introduced in the core of the nid Si layers as a source of free holes.

To avoid optical absorption of the electro-magnetic field propagating
through the device, the material bandgap must be kept above the incident
photon energy. Si1−xGex bandgap can then be estimated from the relation:
ESiGe = 1.12–0.74x. Optical absorption at λ = 1.3μm of the Si1−xGex alloy is
negligible for x < 0.23. The Ge content was then chosen equal to 0.2. SiGe/Si
layers were epitaxially grown on an SOI substrate. Due to the lattice parame-
ter difference, Si1−xGex is compressively strained on Si(001) thus leading to
the energy band profile depicted in Fig. 6.21. SiGe layers thus acts as wells for
holes. Due to the rather low Ge content (20%), the growth of such multi-layer
SiGe/Si stacks easily satisfies the critical layer thickness condition introduced
in “Optimization of the SiGe Layer Stack” for the realization of SLS SiGe
photodetectors.

When a reverse bias voltage is applied to the diode, holes are swept out
from the active region thanks to the induced bending of the valence band. Cal-
culation of hole distributions were performed using a physical device simulator
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Fig. 6.24. Schematic view of the active region of the MD SiGe/Si multi-layer struc-
ture grown on an SOI substrate
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Fig. 6.25. Evolution of the hole density distribution in a three MD Si0.8Ge0.2/Si
structure as a function of the applied reverse bias

that performs the numerical resolution of Poisson, carrier density continuity,
and drift-diffusion equations [45]. The hole emptying process is illustrated
in Fig. 6.25, which shows the evolution of the hole density distribution in a
structure comprising three Si0.8Ge0.2 (10 nm)/Si (25 nm) VB wells for various
values of the applied reverse bias. At zero bias, holes are confined in the three
SiGe wells, whereas for a −2 V reverse bias the first well is depleted. At −4 V,
the second well is partially depleted, whereas at −6 V only a few holes remain
in the last well. The variation of the free carrier density induces a refractive
index change inside the active region, and therefore a phase shift of the opti-
cal guided mode. The refractive index variation and the absorption losses at
λ = 1.3μm due to free carriers were calculated from hole density distribution
using the works of Soref [35].



6 Active SiGe Devices for Optical Interconnects 149

Experiments were performed around 1.55μm on SiGe/Si multi-layer stack
to determine the index variation. They consisted of measuring the shift of
Fabry–Perót resonance fringes as a function of the applied voltage in a 2.3 mm
long SiGe modulator waveguide cavity [46]. Special care was taken to clearly
identify the contribution of the electro-refractive refractive index variations
from the thermo-optic induced variations. This was performed by recording
both the electrical dissipated power and the optical absorption of the structure
as a function of the applied bias. Figure 6.26 is a plot of the obtained result
for the structure depicted in Fig. 6.24.

The main conclusion was that a noticeable free-carrier induced index vari-
ation can be obtained in such SiGe/Si reverse-biased structures. The effec-
tive index variation of the optical mode of the slab is larger than 10−4 for
reverse bias higher than 3 V, in close agreement with the performed simula-
tions [44, 45, 47]. The factor of merit of the device, defined as the product of
the length to ensure a π phase shift by the bias voltage is about 2.3 V cm. This
is about three times larger than the value of the MOS capacitor silicon-based
optical modulator proposed in [48].

The integration of such a modulation multi-layer structure in a single-
mode SOI waveguide, which is a key point for on-chip optical interconnects,
was considered in [47].

As shown in Fig. 6.27, the device dimensions were chosen in accordance
with 380 nm high and 1μm wide slightly etched rib waveguides that were
used for the demonstration of a 1–16 H-tree 1 cm-long light distribution at
1.3μm [3]. The main objective for the structure optimization was to maxi-
mize the effective index variation of the guided mode while maintaining op-
tical propagation losses at an acceptable level. The optimization consisted in
finding the number and the location of SiGe wells needed to maximize the
hole density variation and their influence on the guided mode propagation.
For example, increasing the total charge quantity inside the structure im-
proved the effective index variation. However, the voltage needed to deplete
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all the hole population then also increased. A multi-factor simulation analysis
was realized to understand the effects and interactions of the different struc-
ture parameters for the integration of the multi-layer stack into a slab optical
waveguide. The local refractive index variations determined from calculated
hole density profiles using a drift-diffusion simulator [33] were introduced in a
full-vectorial optical mode solver [49] in order to evaluate the effective index
variation of the optical mode propagating through the multi-layer stack. The
conclusion was that the optimum SiGe multi-layer stack comprises three SiGe
10–15 nm VB wells, with 5 nm thick Si P+ (2 × 1018 cm−3) δ-doped layers.
The predicted electro-refractive effect then results in an effective index varia-
tion Δn = 1.7 × 10−4 under a −6 V bias voltage. The associated absorption
variation is 3 dB cm−1. Special care was taken to minimize optical losses in-
duced both by free carrier absorption in the P+ and N+ regions of the PIN
diode and by the metallic electrodes needed for biasing the device. An overall
optical loss level of 20 dB cm−1 was obtained.

The intrinsic frequency response of the MD SiGe/Si structure was esti-
mated in [45] using transient simulations to quantitatively evaluate the global
response time of the entire device. It mainly depends on the time needed
for carriers to escape from and to be captured into the QWs. The delays
needed for holes to be collected by electrical contacts when the bias voltage
is switched on, and to come back in the SiGe wells of the active region when
the bias voltage is switched off, were estimated using transient drift-diffusion
simulation including a description of thermionic emission and tunnelling of
carrier captures/escapes into/from VB wells.

As a reverse bias step from 0 to −6 V (rise time <1 fs) was applied to the
PIN diode, simulation was performed until a new equilibrium was obtained.
The hole density distributions obtained at several times ranging from 0 to
50 ps are reported in Fig. 6.28. Holes are initially confined into the three SiGe
QWs (as in Fig. 6.25 for a 0 bias). When time increases, holes begin to drift,
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Fig. 6.28. Time evolution of the hole depletion process in the SiGe/Si MD-MQW
structure following a reverse-bias step from 0 to −6V (rise time <1 fs) applied to
the PIN diode

due to the electric field, and then tend to escape from the first quantum well
to be captured by the following ones. After 1 ps, holes are confined near the
left side of each SiGe well. It can be seen that the time needed for holes to
escape from the well nearest to the N+ region is only a few ps, according to
the strong electrical field in this space charge region. After 10 ps, the first well
is emptied out but the hole concentration is still rather large into the two
other QWs, from which they will also have to escape. As the electrical field
in the third QW (far from the N+ region) is lower than in the previous ones,
the escape time is longer than for the first two wells. At t = 50 ps, holes are
only present in the third QW, and the hole distribution is very close to the
equilibrium one under V = −6 V.

The reverse transition process was also studied, when a bias step from
−6 V to 0 is applied to the PIN diode (rise time <1 fs). The inhomogeneous
space charge effect, which is related to the electrical potential via Poisson
equation, is now to attract holes back into the QWs. Results are given in
Fig. 6.29. Holes have first to fill the QW nearest to the P+ region. They get
over the first Si barrier by thermionic emission and tunnelling. This does not
need a long time, because of a high value of the attractive electrical field. As
shown in Fig. 6.29, after 2 ps a large number of holes are confined into the first
two wells, and after 10 ps holes are present in the three QWs. The equilibrium
state is reached for t = 50 ps.

The time evolution of the optical effective index neff was calculated from
the time-varying hole concentration inducing local variations of the layer
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Fig. 6.29. Hole return process in the SiGe/Si MD-MQW active region following a
reverse-bias step from −6V to 0 applied to the PIN diode (rise time <1 fs)
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Fig. 6.30. Effective index evolution of the optical mode propagating in the modu-
lator in response to: (a) a 0 → −6 V bias voltage input, (b) a −6 V→ 0 bias voltage
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refractive indices. Figure 6.30 shows the evolution of neff for a 0 to −6 V and
from a −6 V to 0 voltage transitions, respectively.

The rise time and fall time that were extracted are 7.2 and 9.5 ps, re-
spectively, leading to about a 16 GHz intrinsic bandwidth. An estimate of RC
time constant of the device was also performed. It was found that the device
RC is roughly independent of its length L. This result is due to the linear
dependence of C as a function of L, while R scales as 1/L. The modulator
capacitance per unit length was estimated using an electrical device simula-
tor in AC mode [33]. The conclusion was that RC ranges from 20 to 100 ps
depending on the electrode sheet resistances and on the modulator geometry.
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These results showed the potentiality of SiGe depletion-based optical modu-
lators for high-speed operation (>10 GHz).

To get intensity modulation from phase modulation, the use of an inte-
grated interferometer device is necessary. Two types of interferometers can
be considered: either a Fabry–Perót resonant cavity or a Mach-Zehnder inter-
ferometer [47]. These two interferometer structures were compared in terms
of two parameters: the modulation depth D and the insertion loss IL defined
as 1 − TOFF/TON, and 10 × log(1/TON), respectively, TON and TOFF being
the optical power device transmittance in the “ON” and “OFF” states. Phase
modulation properties described above were used (Δn = 1.7 × 10−4, total
optical loss = 20 dB cm−1).

An efficient way to realize an integrated resonant Fabry–Perót cavity is to
insert the active region between two Braggg mirrors, as shown in Fig. 6.31.
Periodic microstructures deeply etched into an SOI waveguide offer high
refractive-index contrasts leading to fairly high reflection coefficients with
short structures.

Transmission vs. wavelength of a Fabry–Perót resonant cavity exhibits
maxima when the optical length of the cavity matches the resonance con-
dition (Fig. 6.32). In order to increase the modulation depth, the index and

Lcav

Fig. 6.31. Schematic view of a waveguide Fabry–Perót cavity
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Fig. 6.32. Optical power transmittance of a Fabry–Perót cavity with the definition
of the modulator “ON” and “OFF” states. Parameters used: Δn = 1.7 × 10−4,
total intra-cavity optical loss of 20 dB cm−1, cavity length of 200μm, Bragg mirror
reflection and transmission: R = 0.62 and T = 0.1
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T = 0.1)

absorption variations are combined: the ON state is defined when a reverse
bias is applied, i.e., when holes are depleted which corresponds to a minimum
of light absorption, and the OFF state corresponds to the zero bias condition.

Insertion loss depends on the two sources of optical loss: diffraction in the
Bragg mirror and absorption in the cavity. The optimization of the Fabry–
Perót cavity showed that a compromise must be found between low IL and
high MD due to the cavity losses (20 dB cm−1 ↔ 4.6 cm−1). Short devices are
indeed desirable to lower the IL but are detrimental to the MD. The overall
efficiency of the integrated interferometer was found to be closely related to
the Bragg mirror properties. The calculated MD and IL for a 200μm long
cavity are plotted in Fig. 6.33 as a function of the mirror reflection coefficient
R for different values of mirror losses.

Low IL (<5 dB) and high CR (>50%) values can be simultaneously ob-
tained provided that mirror reflection (R) and loss (Loss) are optimized. As
a typical example, IL = 5 dB and CR = 60% with R = 0.8 and Loss = 0.05.
A careful optical tapering is needed at the cavity input and output to
minimize the out-of-plane scattering loss traditionally encountered in waveguide
Bragg mirrors. Previous works reported some ways for reducing the loss of in-
tegrated Bragg mirrors in SOI submicron waveguides for the realization of
efficient Fabry–Perót cavities on SOI substrates [50].

Despite the interesting properties of Fabry–Perót cavities for the realiza-
tion of short modulators (<300μm), it is worth noting that such interferome-
ters tend to be sensitive to temperature variations and to process fluctuations.
For this reason, the use of Mach-Zehnder interferometers (MZI) was proposed
as an alternative solution [47]. A schematic view is shown in Fig. 6.34.

The operating principle is to divide the input electro-magnetic field and
then to recombine the two guided waves. When a reverse bias is applied on
the modulation doped SiGe/Si heterostructure in one arm of the MZI, the
induced index variation is responsible for a phase shift of the electro-magnetic
wave propagating in this arm. At the output of the MZI, if the phase difference



6 Active SiGe Devices for Optical Interconnects 155

(length of the SiGe-based
active region)

L

Light

Light

Phase shifter
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Fig. 6.35. Modulation depth and insertion loss of an SiGe/Si multiple well-structure
integrated into a reverse-biased PIN device and placed in one arm of an MZI as a
function the structure active length (after [47])

between the two electro-magnetic waves is a λ multiple, the MZI transmis-
sion is maximal (ON state). If the phase difference between the two electro-
magnetic waves equals (2p + 1)λ/2, the MZI transmission is minimal (OFF
state). For the minimal transmission to be nearest to zero, the two wave am-
plitudes should be as close as possible. The SiGe/Si MD-MQW active region
must be thus included in each arm to balance the optical loss. The length
g required for a π phase shift of the optical mode between the two arms,
which allows the maximum contrast between the ON and OFF states is given
by Lπ = λ/(2Δn). Due to the fairly low index variation (1.7.10−4), Lπ is,
however, about 3.8 mm. It should yet emphasized that, as the modulator RC
constant does not depend on its length, device lengths in the range of several
mm are not directly detrimental to high-speed operation. A main advantage of
this structure relies in its intrinsic geometrical symmetry, which nearly cancels
the influence of temperature variations.

Figure 6.35 shows the evolutions of the MD and the IL as a function of
the MZI length. It shows that MZI can perform very high modulation depth
(MD> 98%) without excessive losses (IL < 8 dB). This option may yield high-
performance integrated optical Si-based modulators. Properties of photonics
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crystals could also be beneficial to design shorter MZI by using slow-wave
optical propagation based on low group velocity in periodically corrugated
structures [51].

6.5 Conclusion

The realization of integrated active devices is a key point for optical inter-
connects at 1.3–1.5μm wavelengths. The required devices are high-speed, low
noise, and highly sensitive detectors as well as efficient switching devices and
optical modulators. In this context, with a material compatibility allowing the
Si/SiGe heterostructures to be integrated into the existing silicon technology,
the group IV silicon–germanium technology is important due to the energy
bandgap engineering that it allows.

The two main options to realize detectors are either based on optimized
SiGe/Si SLS or on pure germanium layers. In both cases, due to the 4.2%
of lattice mismatch between Si and Ge, accurate epitaxial growth meth-
ods are needed. SiGe/Si SLS detectors have moderate absorption coefficient
(<100 cm−1 at 1.3μm) due to the reachable Ge mole fraction and SiGe layer
thickness before the appearance of misfit dislocations. They thus require the
use of enhancement mechanisms. Resonant cavity enhancement of the detector
sensitivities is possible. SiGe avalanche detectors can yield very high sensitivi-
ties (up to 4 AW−1). New progress in the lowering of the reverse bias needed to
exploit the avalanche mechanism in SiGe APDs could appear in a near future.
An interesting approach is also based on the integration of pure germanium
detectors. Previous works have proved high responsivities (>0.7 A W−1) and
high bandwidth (>13 GHz). Further works are currently under progress to-
wards the integration of compact Ge detectors in SOI micro-waveguides for
on-chip optical interconnects.

The realization of switching devices and optical modulators in the sili-
con technology is a challenging task if compared with III/V semiconductor
technology or LiNbO3 due to the weakness of linear electro-optical effects.
Electro-absorption have a rather low efficiency due to the indirect bandgap
of SiGe materials, and the most efficient effect is to obtain a refractive index
variation by inducing variations of free carrier concentrations. SiGe technol-
ogy is then used either as a platform for the realization of few-micrometers
waveguides or for the valence band engineering that it allows.

SiGe switching devices based on carrier-injection in forward-biased PN
junctions have been proposed and realized. These interesting components can
act as optical power splitters, multi-wavelength optical switches, and add-
drop multiplexers. For the moment, DC power consumption is in the range of
100–200 mW, and response times are around 100–200 ns.

Electro-refractive SiGe/Si modulators integrated in a reverse-bias PIN
junction have been proposed to get free some of the limitations of forward-
biased optical modulators. These devices can be integrated in SOI submicron
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waveguides for on-chip optical interconnects and have short intrinsic response
times (<10 ps). Optimized structures exhibit fairly low RC response times
(20–100 ps) and can be placed either in waveguide Fabry–Perót cavities or
Mach-Zehnder interferometers.
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19. M.S. Ünlu and S. Strite: J. Appl. Phys. 78(2), 607 (1995)
20. C. Li, Q. Yang, H. Wang, J. Yu, Q. Wang, Y. Li, J. Zhou, H. Huang, and X. Ren:

IEEE Photon. Technol. Lett. 12(10), 1373 (2000)
21. C. Li, C.J. Huang, B. Cheng, Y. Zuo, L. Luo, J. Yu, and Q. Wang: J. Appl.

Phys. 92(3), 1718 (2002)



158 E. Cassan et al.

22. C.O. Chui, A.K. Okyay, and K. Saraswat: IEEE Photon. Technol. Lett. 15(11),
1585 (2003)

23. D. Bodlaki, H. Yamamoto, D.H. Waldeck, and E. Borguet: Surf. Sci. 543, 63
(2003)

24. J. Oh, J.C. Campbell, S.G. Thomas, S. Bharatan, R. Thoma, C. Jasper,
R.E. Jones, and T.E. Zirkle: IEEE J. Quant. Electron. 38(9), 1238 (2002)

25. Z. Huang, J. Oh, and J. Campbell: Appl. Phys. Lett. 85(15), 3286 (2004)
26. D.D. Cannon, J. Liu, Y. Ishikawa, K. Wada, D.T. Danielson, S. Jongthamma-

nurak, J. Michel, and L.C. Kimerling: Appl. Phys. Lett. 84(6), 906 (2004)
27. J.M. Hartmann, A. Abbadie, A.M. Papon, P. Holliger, G. Rolland, T. Billon,
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7

An Introduction to Silicon Photonics

G.T. Reed

Summary. This chapter introduces the reader to the technology of silicon photon-
ics as well as provide some insight to waveguides and devices in general. The chapter
leads the reader through the fundamentals of modes of an optical waveguide, propa-
gation constants, reflection coefficients and electric field profiles. Both planar and rib
waveguides are discussed in the context of modal properties, and the discussion of
propagation constants leads on to the concept of effective index. The contributions
of loss to optical waveguides are discussed together with ways to measure optical
loss. Finally a series of fundamental devices that make up many optical circuits
are described together with their operational characteristics. These notes have been
adapted from [G.T. Reed, A.P. Knights, Silicon Photonics: An Introduction, Wiley,
UK, January 2004, ISBN 0-470-87034-6] with the permission of John Wiley and
Sons, UK.

7.1 The Ray Optics Approach to Describing Planar
Waveguides

The study of light is a study of electromagnetic waves. Consequently, the
photonics engineer will inevitably encounter electromagnetic theory during
his or her career. However, the rigours of Maxwell’s equations are not always
required for all applications, and one can make significant progress in un-
derstanding the basics of guided wave propagation with more simple models.
Therefore, this section of this chapter introduces the well-known ray optical
model, and uses it to investigate a number of important phenomena in simple
optical waveguides. Later in this chapter, we will build on these concepts to
describe more complex structures.

First consider a light ray (Ei) propagating in a medium with refractive
index n1, and impinging on the interface between two media, at an angle θ1,
as shown in Fig. 7.1.

At the interface the light is partially transmitted (Et) and partially re-
flected (Er). The relationship between the refractive indices n1 and n2, and
the angles of incidence (θ1) and refraction (θ2), is given by Snell’s law
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Fig. 7.1. Light rays refracted and reflected at the interface of two media
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Fig. 7.2. Total internal reflection at two interfaces demonstrating the concept of a
waveguide

n1 sin θ1 = n2 sin θ2, (7.1)

In Fig. 7.1, the refractive index of media 1 (n1) is clearly higher than the re-
fractive index of media 2 (n2), as the angle θ2 is greater than θ1. Consequently
as θ1 is increased, θ2 will approach 90◦. For some angle θ1, the corresponding
angle θ2 will reach 90◦, and hence Snell’s law simplifies to

n1 sin θ1 = n2. (7.2)

Hence we can define the critical angle θc as

sin θc =
n2

n1
. (7.3)

For angles of incidence greater than this critical angle, no light is transmitted
and total internal reflection (TIR) occurs. If we now consider a second interface
below the first, at which the wave also experiences TIR, we can understand
the concept of a waveguide, as the light is confined to the region of refractive
index n1, and propagates to the right (Fig. 7.2).

This simplistic approach suggests, however, that the waveguide will sup-
port propagation at any angle greater than the critical angle. In Sect. 7.2, we
shall see that this is not the case.

7.2 Reflection Coefficients

To fully understand the behaviour of the optical waveguide it is necessary to
use electromagnetic theory. However, by enhancing our ray model a little we
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can improve our understanding significantly. Thus far we have implicitly con-
sidered reflection/transmission at an interface to be “partial” reflection and
“partial” transmission, without defining the term “partial”. With reference
to Fig. 7.1, consider the reflection and transmission of the wave at a single
interface. It is well known that the reflected and transmitted waves can be
described by the Fresnel formulae. For example, the reflected wave will have
complex amplitude, Er, at the interface, related to the complex amplitude,
Ei, of the incident wave by

Er = r · Ei, (7.4)

where r is a complex reflection coefficient. The reflection coefficient is a func-
tion of both the angle of incidence and the polarization of light. Hence be-
fore proceeding further we must define the polarization with respect to the
interface. The electric and magnetic fields of an electromagnetic wave are al-
ways orthogonal to one another, and both are orthogonal to the direction of
propagation. Hence propagating electromagnetic waves are also referred to as
transverse electromagnetic waves, or TEM waves. The polarization of a wave
is deemed to be the direction of the electric field associated with the wave.
For the purposes of this discussion we wish to consider cases where either the
electric field, or the magnetic field, is perpendicular to the plane of incidence
(i.e. the plane containing the wave normal and the normal to the interface).
The transverse electric (TE) condition is defined as the condition when the
electric fields of the waves are perpendicular to the plane of incidence. This is
depicted in Fig. 7.3. Correspondingly, the transverse magnetic (TM) condition
occurs when the magnetic fields are perpendicular to the plane of incidence. As
previously mentioned, the Fresnel formulae describe the reflection coefficients
rTE and rTM, usually written as follows:

For TE polarization

rTE =
n1 cos θ1 − n2 cos θ2

n1 cos θ1 + n2 cos θ2
. (7.5a)

Similarly for TM polarization, the reflection coefficient is

rTM =
n2 cos θ1 − n1 cos θ2

n2 cos θ1 + n1 cos θ2
. (7.6a)

n2

Et

ErEi

q2

q1
qn1

interface

Fig. 7.3. Orientation of electric fields for TE incidence at the interface between two
media. Circles indicate that the electric fields are vertical (i.e. coming out of the
plane of the paper)
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Using Snell’s law (7.1), (7.5a) and (7.6a) can be rewritten as

rTE =
n1 cos θ1 −

√
n2

2 − n2
1 sin2 θ1

n1 cos θ1 +
√

n2
2 − n2

1 sin2 θ1

, (7.5b)

rTM =
n2

2 cos θ1 − n1

√
n2

2 − n2
1 sin2 θ1

n2
2 cos θ1 + n1

√
n2

2 − n2
1 sin2 θ1

. (7.6b)

When the angle of incidence is less than the critical angle, only partial re-
flection occurs and the reflection coefficient is real. However, when the critical
angle is exceeded we have TIR. We can see from (7.5b) and (7.6b) that the
term inside the square root becomes negative. Clearly this implies that

|r| = 1 (7.7)

and that r is also complex and hence a phase shift is imposed on the reflected
wave. Hence we may denote this by

r = exp (jφ) , (7.8)

where φTE and φTM are given by

φTE = 2 tan−1

√
sin2 θ1 −

(
n2
n1

)2

cos θ1
(7.9)

and

φTM = 2 tan−1

√
n2

1
n2

2
sin2 θ1 − 1

n2
n1

cos θ1
. (7.10)

Note, however, that we have now defined reflection coefficients without too
much discussion of the incident and reflecting waves. In fact it is important
to note that the reflection coefficients as defined, relate the relative amounts
of the fields, not the powers, which are reflected. In practical terms the field
is difficult to measure directly, so we are more interested in the power (or
intensity) that is reflected or transmitted. In an electromagnetic wave, the
propagation of power is described by the Poynting vector, usually denoted
as S (W m−2). The Poynting vector is defined as the vector product of the
electric and magnetic vectors, and hence indicates both the magnitude and
direction of power flow. One of the most common ways of expressing the
Poynting vector is

S =
1
Z

E2 =
√

εm

μm
E2 (7.11)
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where E is electric field, εm is the permittivity of the medium, μm is the
permeability of the medium, and Z is the impedance of the medium. We can
then define a reflectance, R, which relates the incident and reflected powers
associated with the waves as

R =
Sr

Si
=

E2
r

E2
i

= r2. (7.12)

7.3 Phase of a Propagating Wave and its Wavevector

If we enhance our simple ray model a little further we can understand more
about the propagation of light in simple waveguides. Thus far the ray has sim-
ply represented the direction of propagating light. To do this we need briefly
consider a propagating electromagnetic wave. In common with electrical cir-
cuit theory, it is convenient to use the exponential form of the propagating
wave, to make a sufficiently general point. Let the electric and magnetic fields
associated with a propagating wave be described, respectively, as

E = E0 exp[j(kz ± ωt)] (7.13)

and
H = H0 exp[j(kz ± ωt)], (7.14)

where z is merely the direction of propagation (for the sake of argument).
This means that the phase of the wave is

φ = kz ± ωt. (7.15)

It is clear that the phase varies with time (t), and with distance (z ). These
variations are quantified by taking the time derivative and the spatial deriv-
ative, i.e. ∣∣∣∣∂φ

∂t

∣∣∣∣ = ω = 2πf, (7.16)

where ω is angular frequency (rad s−1), and f is frequency (Hz). Both angu-
lar frequency and frequency in hertz are familiar to engineers, and describe
how the phase of the wave varies with time. A similar expression is found
to relate phase to propagation distance by taking the spatial derivative of
(7.15), i.e.

∂φ

∂z
= k, (7.17)

where k is the wavevector or the propagation constant in the direction of the
wavefront. It is related to wavelength, λ, by the relation

k =
2π
λ

. (7.18)
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In free space k is usually designated k0. Hence k and k0 are related by the
refractive index of the medium, n, i.e.

k = nk0. (7.19)

Hence in free space

k0 =
2π
λ0

. (7.20)

7.4 Modes of a Planar Waveguide

Having defined the wavevector we can now further consider propagation in a
waveguide. The simplest optical waveguide is the planar waveguide, depicted
in Fig. 7.2. This figure is reproduced in Fig. 7.4a, with the addition of axes x,
y and z.

Let the waveguide height be h, and propagation be in the z direction,
with the light being confined in the y direction by TIR. The zig-zag path
indicated in the figure now means more than it did previously. It represents the
direction of the wavenormals as the waves propagate through the waveguide,
with wavevector k (=k0n1). We can use an associated figure, Fig. 7.4b to
explain this further. If we decompose the wavevector k, into two components,
in the y and z directions. By simple trigonometry, referring to Fig. 7.4b

kz = n1k0 sin θ1 (7.21)

and
ky = n1k0 cos θ1 (7.22)

Having determined the propagation constant in the y direction, we can imag-
ine a wave propagating in the y direction. Since this theoretical wave will be
reflected at each interface, there will potentially be a standing wave across
the waveguide in the y direction. Hence we can sum all the phase shifts intro-
duced in making one complete “round trip” across the waveguide and back
again. For a waveguide thickness h (and hence a traversed distance of 2h),
using (7.17), a phase shift is introduced of

n1

n3

q1

q

y
z
x

n2

k0n1h

(a)

k = n1k0

ky= n1k0 cos q1

kz= n1k0 sin q1

(b)

Fig. 7.4. (a) Propagation in a planar waveguide. (b) The relationship between
propagation constants in the y, z and wavenormal directions
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φh = 2kyh = 2k0n1h cos θ1. (7.23)

From (7.8) to (7.9), it is clear that phase changes are introduced upon reflec-
tion at upper and lower waveguide boundaries. Let us refer to these phase
shifts as φu, and φ�, respectively. Hence the total phase shift is

φt = 2k0n1h cos θ1 − φu − φ�. (7.24)

For self-consistency (i.e. the preservation of a wave across the waveguide), this
total phase shift must be a multiple of 2π, hence

2k0n1h cos θ1 − φu − φ� = 2mπ, (7.25)

where m is an integer. This equation can be reduced to an equation in θ, by
substituting for φu and φ� from (7.9) or (7.10). Before we do that, however,
note that because m is an integer, there will be a series of discrete angles θ,
for which (7.25) can be solved, corresponding to integral values of m. For each
solution there will therefore be a corresponding propagation constant in the
y and z directions (for each polarization). This shows us that light cannot
propagate at any angle θ, but only at one of the allowed discrete angles. Each
allowed solution is referred to as a mode of propagation, and the mode number
is given by the value of integer m. The modes are identified using a notation
utilising the polarization and the mode number. For example, the first TE
mode, or fundamental mode will be described as TE0. Higher order modes
are correspondingly described using the appropriate value of m. There is also
a further limit on m, indicating that there is a limit to the number of modes
that can propagate in a given waveguide structure. The limiting conditions
correspond to the propagation angle, θ1 becoming less than the critical angle
at either the upper or lower waveguide interface. We will consider this further
in the following few sections of this chapter, as we discuss the modes in the
waveguides more comprehensively.

7.4.1 The Symmetrical Planar Waveguide

Having established (7.25), which describes the discrete nature of waveguide
modes, let us now discuss solving the equation. The planar waveguide we
have discussed thus far was described by Fig. 7.4, having an upper cladding
of refractive index n3, and a lower cladding refractive index of n2. In the
case where n2 = n3, the waveguide is said to be symmetrical since the same
boundary conditions will apply at the upper and lower interfaces. In terms of
solving (7.25), this means that φu = φ�. Therefore, using (7.9) (assuming TE
polarization), (7.25) becomes

2k0n1h cos θ1 − 4 tan−1

⎡
⎢⎢⎣
√

sin2 θ1 −
(

n2
n1

)2

cos θ1

⎤
⎥⎥⎦ = 2mπ. (7.25)
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This can be rearranged as

tan
[
k0n1h cos θ1 − mπ

2

]
=

⎡
⎢⎢⎣
√

sin2 θ1 −
(

n2
n1

)2

cos θ1

⎤
⎥⎥⎦ . (7.26)

The only variable in (7.26) is θ1, and therefore solving the equation yields
the propagation angle, but also it is a straightforward calculation to find the
propagation constants associated with the mode in question.

Using (7.10) for the phase shift, the corresponding TM equation is

tan
[
k0n1h cos θ1 − mπ

2

]
=

⎡
⎢⎢⎣
√(

n1
n2

)2

sin2 θ1 − 1(
n2
n1

)
cos θ1

⎤
⎥⎥⎦ . (7.27)

It is often convenient to have an approximate idea of the number of modes
supported by a waveguide. Consider (7.26), the eigenvalue equation for TE
modes. We know that the minimum value that θ1 can take corresponds to the
critical angle θc. From (7.3),

sin θc =
n2

n1
. (7.28)

Hence the right-hand side of (7.26) reduces to zero. Since θ1, decreases with
mode number, the minimum value of θ1 (=θc), corresponds to the highest
possible order mode. At θ1 = θc, (7.26) reduces to

k0n1h cos θc − mmaxπ
2

= 0 (7.29)

rearranging for m, the mode number

mmax =
k0n1h cos θc

π
. (7.30)

We can see that if we evaluate mmax, and find the nearest integer that is less
than the evaluated mmax, then this will be the highest order mode number,
which we can denote as [mmax]int. The number of modes will actually be
[mmax]int + 1, since the lowest order mode (usually called the fundamental
mode), has a mode number m = 0.

In passing we can also note a very interesting characteristic of the sym-
metrical waveguide, from (7.26) and (7.27), the eigenvalue equations for TE
and TM polarizations. Both equations allow a solution when m = 0. This is
because the term in the square root on the right-hand side of the equation is
always positive, and hence the square root is always a real number. This in
turn is because θ1 is always greater than the critical angle, and hence sin2 θ1

is always greater than sin2 θc (= n2
2/n2

1). This implies that the lowest order
mode is always allowed. This means that the fundamental mode will always
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Fig. 7.5. Propagation in an asymmetric planar waveguide

propagate, and the waveguide is never “cut-off”. We will see shortly that this
is not the case for the asymmetric waveguide.

7.4.2 The Asymmetrical Planar Waveguide

Let us now consider the slightly more complex asymmetrical planar waveguide.
This is shown in Fig. 7.5. In this case n2 �= n3.

We can approach a simple analysis in the same way as we did for the
symmetrical planar waveguide, but the phase change on reflection as the upper
and lower waveguide boundaries will not be the same. This time the eigenvalue
equation for TE modes becomes

[k0n1h cos θ1 − mπ] = tan−1

⎡
⎢⎢⎣
√

sin2 θ1 −
(

n2
n1

)2

cos θ1

⎤
⎥⎥⎦+tan−1

⎡
⎢⎢⎣
√

sin2 θ1 −
(

n3
n1

)2

cos θ1

⎤
⎥⎥⎦ .

(7.31)

Once again this equation can be solved (numerically or graphically) to find
propagation angle θ1, for a given value of m. Note, however, that there is
not always a solution to (7.31) for m = 0, because it is possible for one of
the terms within the square roots on the right-hand side of the equation to
be negative. This is because the critical angle for the waveguide as a whole
will be determined by the larger of the critical angles of the two waveguide
boundaries. Obviously for TIR at both waveguide boundaries, the propagating
mode angle must be greater than both critical angles. However, the mode
angle of the waveguide may not satisfy the condition for both critical angles
to be exceeded if the guide is too thin (h is small), or if the refractive index
difference between core and claddings is too small. Let us consider this in
detail by solving the eigenvalue equation for TE modes, (7.31).

7.5 Solving the Eigenvalue Equation for Symmetrical
and Asymmetrical Waveguides

The eigenvalue equation can be solved in a number of ways, typically numer-
ical. However, it can be more instructive to solve the equation graphically.
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Fig. 7.6. Solution of the eigenvalue equation for m = 0

First, we need to choose some waveguide parameters: let n1 = 1.5, n2 = 1.49,
n3 = 1.40, λ0 = 1.3μm and h = 0.3μm.

Whilst the refractive indices are not representative of a silicon waveguide,
it will enable us to make a point about modal characteristics. Figure 7.6 shows
graphical solution of the TE eigenvalue equation (7.31) for m = 0. The three
terms in the equation are plotted separately for clarity. The two phase change
terms, φu and φ�, are added and also shown, representing the right-hand side
of (7.31). Where this curve intersects with the left-hand side of the equation,
is the solution for the mode angle θ1. This is shown in Fig. 7.6. Note that
this solution occurs at an angle θ1, that lies between θu and θ�, the critical
angles for the upper and lower interfaces, respectively (also shown in the
figure by the dotted vertical lines). Thus, the conditions for TIR are not met,
and the waveguide is cut-off. If we increase the waveguide thickness, h, the
curves would eventually intersect at an angle greater than both θu and θ�.
This confirms that the asymmetrical waveguide is cut-off for some conditions.
Alternatively, if we consider the symmetrical guide (with n2 = n3 = 1.4), the
right-hand side of the equation becomes 2φu (also plotted). It is clear that
the solution will always be at an angle greater than θu, and hence confirming
that the symmetrical waveguide is never cut-off.

The corresponding graphical solution for a silicon waveguide is shown in
Fig. 7.7. The waveguide parameters are: n1 = 3.5 (silicon), n2 = 1.5 (silicon
dioxide), n3 = 1.0 (air), λ0 = 1.3μm and h = 0.15μm.

It is interesting to note there is relatively little difference between the
symmetrical and the asymmetrical silicon waveguide, because typical cladding
material for silicon is silicon dioxide (SiO2), which has a refractive index of
1.5. Hence either cladding with air or SiO2 means that the cladding is very
different to the core refractive index of approximately 3.5.
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Fig. 7.7. Solution of the eigenvalue equation for m = 0 (silicon-on-insulator)

7.6 Monomode Conditions

It is often convenient for a waveguide to support only a single mode, for a
given polarization of light. Such a waveguide is referred to as monomode.
We will return to this point later in this chapter. For now, consider again
the TE polarization eigenvalue equation (7.26) for a symmetrical waveguide,
reproduced below

tan
[
k0n1h cos θ1 − mπ

2

]
=

⎡
⎢⎢⎣
√

sin2 θ1 −
(

n2
n1

)2

cos θ1

⎤
⎥⎥⎦ . (7.32)

Considering the second mode, with mode number m = 1, the limiting condi-
tion for this mode is that the propagation angle is equal to the critical angle.
Under these circumstances the square root term reduces to zero. Since the
propagation angle for the second mode will be less than for the fundamental
mode, for all angles greater than this critical angle, the waveguide will be
monomode. Thus (7.32) reduces to

tan
[
k0n1h cos θc − π

2

]
= 0

i.e.
cos θc =

π
k0n1h

=
λ0

2n1h
. (7.33)

Hence for monomode conditions

θc < cos−1

(
λ0

2n1h

)
. (7.34)
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Similar expressions can be derived from the other eigenvalue equations used
thus far.

7.7 Effective Index

Thus far we have used a simple model to look at the characteristics of a planar
waveguide in order to gain an understanding of modes. We can take the model
still further to understand a little more. Previously, we briefly discussed the
idea of propagation constants in the y and z directions. These were defined
in (7.21) and (7.22) as

kz = n1k0 sin θ1 (7.35)

and
ky = n1k0 cos θ1. (7.36)

The propagation constant in the z direction is of particular interest as it
indicates the rate at which the wave propagates in the z direction. kz is
often replaced in many texts by the variable β, and the two terms are used
interchangeably. We can define a parameter N, called the effective index of
the mode, such that

N = n1 sin θ1 (7.37)

i.e. (7.35) becomes
kz = β = Nk0. (7.38)

Note the similarity with (7.19). This is equivalent to thinking of the mode
as propagating straight down the waveguide, without “zig-zagging” back and
forth, with refractive index N. Having defined β, we can immediately consider
the range of values that β can take.

The lower bound on β is determined by the critical angles of the waveguide.
For the asymmetrical waveguide the smaller of the two critical angles is usually
defined by the upper cladding layer, as this usually has a lower refractive index
than the lower cladding layer. In the case of silicon, the lowest possible value
of the refractive index of the upper cladding is 1.0, if the upper cladding was
air. This means that TIR is limited by the lower cladding, which will have a
larger critical angle that needs to be exceeded for TIR to occur. Hence θ1 ≥ θ�.
Hence the lower bound on β is given by

β ≥ n1k0 sin θ� = k0n2. (7.39)

The upper bound on β is governed by the maximum value of θ, which is clearly
90◦. In this case β = k = n1k0. Hence

k0n1 ≥ β ≥ k0n2. (7.40)

Using (7.38)
n1 ≥ N ≥ n2. (7.41)
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7.8 Electromagnetic Theory

Starting with Maxwell’s equations, if we assume a loss-less, non-conducting
medium, limit ourselves to propagation in the z direction, and consider one
polarization at a time (TE or TM), we can derive a scalar equation describing
wave propagation in our planar waveguide

∂2Ex

∂y2
+

∂2Ex

∂z2
= μmεm

∂2Ex

∂t2
, (7.42)

where εm is the permittivity of the waveguide, μm is the permeability of
the waveguide, and in this case the electric field polarized in the x direction
corresponds to TE polarization. This is called the scalar wave equation.

Since there is only electric field in the x direction, we can write the equation
of this field as

Ex = Ex(y) e−j βz ej ωt. (7.43)

This means that there is a field directed (polarized) in the x direction, with a
variation in the y direction yet to be determined, propagating in the z direc-
tion with propagation constant β, with sinusoidal ( ej ωt) time dependence.

Solution of the wave equation provides us with expressions of the electric
fields in the core and claddings. So we use the boundary conditions to find
the variation in the y direction (i.e. to find Ex(y)). In the upper cladding, we
will have

Ex(y) = Eu e−kyu(y−h
2 ) for y ≥ (h/2). (7.44)

In the core we will have

Ex(y) = Ec e−jkycy for − (h/2) ≤ y ≤ (h/2). (7.45)

In the lower cladding we will have

Ex(y) = E� ekyl(y+ h
2 ) for y ≤ −(h/2), (7.46)

where
k2

yi = k2
0ni − β2.

Note that n and ky are written ni and kyi because they can now represent
any of the three media (core, upper cladding, or lower cladding), by letting
i = 1, 2, or 3.

7.9 Another Look at Propagation Constants

In solving the wave equation we assumed field solutions with propagation
constants in each of the three media (core and upper and lower cladding).
However, we did not really discuss why the propagation constants took the
form they did.
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Our general solution was of the form

Ex = Ec e−kyy e−j βz ej ωt. (7.47)

However, in the three media, core, upper cladding and lower cladding, the
propagation constant ky took different forms. In the claddings ky was a real
number, whereas in the core ky was an imaginary number (which later resulted
in a cosine function). This simply corresponds to the condition that TIR is
satisfied at both boundaries. Mathematically it corresponds to whether β is
greater or lesser than k0n

2
i . As we know, a term ej ϕ corresponds to a propa-

gating sinusoidal/cosinusoidal type field, whereas e−ϕ simply corresponds to
an exponentially decaying field. Thus imaginary propagation constants in the
claddings, while valid solutions to the wave equation, represent fields propa-
gating in the y direction through the claddings, and hence not to a totally
internally reflected field. Hence all solutions other than totally internally re-
flected (guided) waves were ignored. This does, however, provide us with even
more insight into the modal solutions of the planar waveguide. Clearly, the
field penetrates the cladding to a degree determined by the decay constant
(previously called propagation constant) in the cladding. Hence as the wave
propagates, part of the field is propagating in the cladding.

7.10 Mode Profiles

Now that we have field solutions for modes in the planar waveguide, we can
plot the field distribution, Ex(y) or the intensity distribution, |Ex(y)|2. In
order to demonstrate more than a single mode, a larger waveguide has been
defined than previously, with the following parameters: n1 = 3.5, n2 = 1.5,
n3 = 1.0, λ0 = 1.3μm and h = 1.0μm.

For even functions, the field in the core is a cosine function, and in the
claddings, an exponential decay. Therefore, solutions for m = 0, and m = 2
are even functions, and are plotted in Figs. 7.8 and 7.9, respectively. The field
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Fig. 7.9. Intensity profile of the second even mode (m = 2)

distribution is plotted for m = 0 (Fig. 7.8), and the intensity distribution is
plotted for m = 2 (Fig. 7.9).

7.11 Silicon on Insulator Photonics

7.11.1 Introduction

Integrated optics in silicon is interesting for a combination of technological
and cost reasons. The cost issues are relatively obvious, and are related to the
absolute cost of silicon and silicon-on-insulator (SOI) wafers as compared to
more exotic materials such as the III–V compounds or the insulator lithium
niobate, to the cost of processing the wafers, and to the packing density that
can be achieved. Silicon is a well understood and robust material, and the
processing of silicon has been developed by the electronics industry to a level
that is more than sufficient for most integrated optical applications. The min-
imum feature size for many applications is of the order of 1–2μm, which in
terms of microelectronics, is very old technology, although there is a trend to-
wards miniaturization. Furthermore, as silicon microelectronics continues to
advance, new and improved processing becomes available. It could be argued
that an alternative technology, that of silica-based integrated optics, is lower
cost, but this is a passive material, with little prospect of active devices such
as sources, detectors, or optical modulators (other than thermally operated)
becoming available. Consequently this technological issue is intimately linked
to cost.

One significant technological issue is associated with the possibility of op-
tical phase and amplitude modulation in silicon. Refractive index modulation
is possible via several techniques, although it is now widely accepted that free
carrier manipulation is the most efficient of these. This is not a fast mod-
ulation mechanism when compared to the field effect mechanisms available
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in other technologies, dominated by the linear electro-optic (Pockels) effect,
used to advantage in, for example, lithium niobate (LiNbO3) at operating
speeds of several tens of GHz, but is sufficient for many communications and
sensor applications. The Pockels effect is not observed in silicon due to the
centro-symmetric nature of the crystal structure.

Sources and detectors (beyond 1.1μm) in silicon are a current active re-
search topic for many groups around the world. The topic of light sources in
silicon is a particularly active research activity at present, and is discussed
further elsewhere in this text. Nevertheless the possibility of accurate micro-
machining of silicon has meant that sources and detectors can be accurately
aligned to silicon waveguides in a hybrid circuit, and silicon sources and de-
tectors will need to be very cost effective to displace this approach, or offer
very significant improvements in performance.

7.11.2 Silicon on Insulator Waveguides

So far in this chapter, when discussing optical waveguides, the discussion has
been limited to a theoretical three-layer structure comprising a core and two
cladding layers, the latter infinite in the x and y directions. Clearly, this is
not a practical structure. However, the SOI planar waveguide approximates
this theoretical waveguide. The configuration of an SOI wafer is shown in
Fig. 7.10. The silicon guiding layer is typically up to a few micrometers in
thickness, and the buried silicon dioxide is typically about half a micron,
although individual designs vary. The purpose of the buried oxide layer is to
act as the lower cladding layer, and hence prevent the field associated with the
optical modes from penetrating the silicon substrate below. Therefore, as long
as the oxide is thicker than the evanescent fields associated with the modes
it will be satisfactory. Sometimes a surface oxide layer is also introduced as a
passivation layer.

If we consider the three-layer model used previously, the waveguide is
transformed from an asymmetrical waveguide into a symmetrical one by the
addition of a surface oxide layer. In practice, however, the refractive indices
of both air (n = 1) and silicon dioxide (n = 1.5), are so different from that of
silicon (n = 3.5), the two configurations are very similar.

Surface silicon guiding layer

Silicon substrate

Buried SiO2 cladding

Fig. 7.10. SOI planar waveguide
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Fig. 7.11. Rib waveguide geometry

While the planar waveguide is convenient as an introduction to the subject
of optical waveguides, it is of limited practical use, because light is confined
only in one dimension. For many applications, two-dimensional confinement is
required. This is achieved in silicon, by etching a two-dimensional waveguide,
the most common being the so-called “rib” waveguide. The cross-section of a
rib waveguide is shown in Fig. 7.11.

Clearly, this is just one way to achieve optical confinement in two dimen-
sions, but based on what we have studied so far in this chapter, it is perhaps
not obvious why the rib structure achieves optical confinement in the lateral
direction. This is discussed further below.

Modes of Two-Dimensional Waveguides

In common with modes of optical fibres, two-dimensional rectangular wave-
guide modes require two subscripts to identify them. However, it is not
appropriate to use the same convention as used in optical fibres, because
rectangular guides are clearly not circularly symmetric. Therefore, it is natural
to use Cartesian co-ordinates. Unfortunately, two slightly different conventions
have developed, although they are very similar. In a rectangular waveguide
there exist two families of modes, the HE mode and the EH modes. In com-
mon with the skew modes of an optical fibre these are mostly polarized in the
TE or TM directions. Therefore, these modes are usually referred to as the Ex

or Ey modes depending whether they are mostly polarized in the x or y di-
rections. Two subscripts are then introduced to identify the mode. Therefore,
the modes are designated Ex

p,q or Ey
p,q, where the integers p and q represent

the number of field maxima in the x and y directions, respectively. These
modes are also referred to as HEp,q and EHp,q modes. Hence the fundamental
modes are referred to as Ex

1,1 and Ey
1,1. This is probably the most common

convention.
However, a second convention also exists in which the form of mode iden-

tification is essentially the same, but the integers start at “0” rather than at
1. This has developed from the convention used for planar waveguides pre-
viously, in which the fundamental mode is the mode for which the integer
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m = 0. Hence in the second convention for rectangular waveguides, the fun-
damental modes are referred to as Ex

0,0 and Ey
0,0 (or HE0,0 and EH0,0). Hence

some care must be taken to indicate the labelling convention used.

7.11.3 The Effective Index Method of Analysis

In this section, the effective index is used to find approximate solutions for the
propagation constants of two-dimensional waveguides. This is done without
resorting to any discussion of electric fields within the waveguide, and so
the simplicity of the method, known as the effective index method, is very
attractive.

The method is first discussed in general terms, before an example is carried
out. Consider a generalized two-dimensional waveguide, as shown in Fig. 7.12a.

The approach to find the propagation constants for the waveguide shown
in Fig. 7.12a is to regard the waveguide as a combination of two planar
waveguides, one horizontal and one vertical. We then successively solve the
planar waveguide eigenvalue equations first in one direction and then the
other, taking the effective index of the first as the core refractive index for
the second. Care must be taken to consider the polarization involved. If we
are considering an electric field polarized in the x direction (TE polarization),
then when solving the three-layer planar waveguide in the y direction, we use
the TE eigenvalue equation. However, when we subsequently solve the vertical
three-layer planar waveguide, we must use the TM eigenvalue equation, be-
cause, with respect to this imaginary vertical waveguide, the field is polarized
in the TM direction. Decomposition of the two-dimensional waveguide into
two planar waveguides is depicted in Fig. 7.12b.

The situation is complicated when solving a rib waveguide structure, be-
cause the refractive on either side of the core is not constant over the height
of the core. Therefore, when solving the first part of the decomposed two-
dimensional waveguide, we need to find the effective index, not only in the

n2

n3

n1 h

w

y
x

(a)

First
solve:

Then
solve:

n3

n3

w

n3neff
hn1

n2

(b)

Fig. 7.12. (a) Generalized two-dimensional waveguide and (b) decomposition into
two imaginary planar waveguides
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core, but also in the slab regions at either side of the core in the x direction,
prior to solving the second part of the decomposition. This is best illustrated
by an example.

Example
Find the effective index Nwg of the fundamental mode of the rib waveguide

in Fig. 7.11, for the following waveguide parameters: w = 3.5μm, h = 5μm,
r = 3μm, n1 = 3.5, n2 = 1.5, n3 = 1.0. The operating wavelength is 1.3μm,
and TE polarization is assumed.

This is representative of an example silicon waveguide. Further details are
given in [1].

Solution
First, we must decompose the rib structure into vertical and horizontal

planar waveguides, as shown in Fig. 7.12b. This means we must first solve the
horizontal planar waveguide, shown in Fig. 7.13. Since the polarization is TE,
we use the asymmetrical TE eigenvalue equation. Solving the TE eigenvalue
equation for the conditions above and m = 0 yields a propagation angle of
87.92◦ (1.53456 rad). From earlier equation

β = n1k0 sin θ1. (7.48)

Therefore, the effective index of the waveguide region is given by

neffg =
β

k0
= n1 sin θ1, (7.49)

i.e. neffg = 3.4977.
We now need to solve the second decomposed planar waveguide of the

decomposed rib structure. However, in order to do so, we must first find the
effective index of the planar regions either side of the core. To do this we
must solve the asymmetrical TE eigenvalue equation again, this time for a
waveguide height of r = 3μm. This yields a propagation angle of 86.595◦, and
an effective index for the planar region of neffp = 3.4938.

We can now solve the second decomposed planar waveguide of the de-
composed rib structure, using the effective indices just calculated. This time
the TM eigenvalue equation should be used, and note that now we also have
a symmetrical waveguide where θwg is to be found. The solution is θwg=
88.285◦, which corresponds to an effective index of Nwg = 3.496. Knowing the
effective index we can evaluate all of the propagation constants in the core
and cladding. In particular we are interested in the z -directed propagation
constant, i.e.

β = k0Nwg = 16.897 radμm−1. (7.50)

7.11.4 Large Single Mode Rib Waveguides

We earlier introduced an equation for the approximate number of modes in
a planar waveguide. For a waveguide with dimensions of several microns the
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number of modes will be large. For example, consider a waveguide of height
h = 5μm

mmax =
k0n1h cos θc

π
. (7.51)

For simplicity assume a symmetrical silicon waveguide, with n1 = 3.5 and
n2 = 1.5, thus, for an operating wavelength of 1.3μm,

[mmax]int =
2 × 3.5 × 5 × 10−6 cos θc

λ0
= 24 (7.52)

and hence 25 modes are supported (including the m = 0 mode). Alternatively
we could consider how thin we need to make the waveguide to support a single
mode. The condition for only a single mode to propagate is

θc < cos−1

(
λ0

2n1h

)
. (7.53)

Rearranging (7.53) in terms of waveguide height h, and substituting for cos θc

h <

⎛
⎜⎜⎝ λ0/2

n1

√
1 −
(

n2
n1

)2

⎞
⎟⎟⎠ . (7.54)

Therefore, for single mode operation in an SOI waveguide, at a wavelength
of 1.3μm, h needs to be less than approximately 0.2μm. It is perhaps a little
surprising to discover then, that rib waveguides are used routinely with silicon-
layer thickness’ of several microns, and furthermore, it is routinely claimed
that these waveguides are single mode. The answer to this apparent paradox
is that, if the geometry of the rib waveguide is correctly designed, higher order
modes leak out of the waveguide over a very short distance, leaving only the
fundamental mode propagating. This was demonstrated theoretically by Soref
et al. [2], in an excellent research paper in 1991, who showed that for certain
geometrical constraints, only the fundamental mode survives propagation of
the order of 1–2 mm and hence the device behaves as if it is single mode, as
all higher order modes leak away.

This resulted in a condition for the aspect ratio
a

b
≤ 0.3 +

r√
1 − r2

. (7.55)

where a is the normalized waveguide width, b is the normalized waveguide
height, and r is the normalized side slab height.

7.11.5 Refractive Index and Loss Coefficient in Optical
Waveguides

So far we have regarded refractive index as a real quantity, but in general it
is complex. Therefore, our references to refractive index so far have, strictly
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speaking, referred only to the real part of refractive index. Complex refractive
index can be defined as

n′ = nR + jnI. (7.56)

We know that propagation constant can be defined as

k = nk0. (7.57)

We have previously expressed a propagating field as

E = E0 ej(kz−ωt). (7.58)

Therefore, if we introduce complex refractive index to (7.61) and (7.63),
we obtain

E = E0 ej(k0n′z−ωt) = E0 · ejk0nRz · e−k0nIz · e−jωt. (7.59)

Therefore, there is a term exp(−k0nIz). In the same way that the propagation
constant in the z direction is redesignated β, this term is often redesignated
exp(− 1

2α). The term α is called the loss coefficient. The factor of 1/2 is in-
cluded in the definition above because, by convention, α is an intensity loss
coefficient. Therefore, we can write

I = I0 e−αz. (7.60)

Clearly (7.60) describes how the intensity decays with propagation distance
z, through a material.

Having defined the loss coefficient, it is worth considering what sort of
propagation loss we can tolerate for an integrated optical waveguide. While
there is no absolute threshold that makes a particular material technology ac-
ceptable, the widely accepted benchmark for loss is of the order of 1 dB cm−1.
This is because an integrated optical circuit is typically a few cm in length.
Since an optical loss of 3 dB corresponds to a halving of the optical power,
it is clear that a loss of much more than 1 dB cm−1 will rapidly result in a
very poor signal to noise ratio at the detector. Add to this additional losses
due to coupling to or from the optical circuit, or losses within the circuit not
associated with propagation loss, and the situation is exacerbated. Losses for
SOI waveguides are typically in the range 0.1–0.5 dB cm−1.

7.11.6 The Contributions to Loss in an Optical Waveguide

Losses in an optical waveguide originate from three sources: scattering, ab-
sorption and radiation. Within each category are further subdivisions of the
contribution to the loss, although the relative contribution of each of these ef-
fects is dependent upon the waveguide design, and the quality of the material
in which the waveguide is fabricated. Each of the contributions to loss will be
discussed in turn.
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Scattering

Scattering in an optical waveguide can result from two sources: volume scat-
tering and interface scattering. Volume scattering is caused by imperfections
in the bulk waveguide material, such as voids, contaminant atoms or crys-
talline defects. Alternatively interface scattering is due to roughness at the
interface between the core and the claddings of the waveguide. Usually, in a
well-established waveguide technology, volume scattering is negligible, because
the material has been improved to a sufficient level prior to fabrication of the
waveguide. For new or experimental material systems, however, volume scat-
tering should always be considered. Interface scattering, however, may not be
negligible, even for a relatively well-developed material system, because losses
can be significant, even for relatively smooth interfaces.

While it is now well established that silicon waveguides are low loss propa-
gation media, one could reasonably be concerned that volume scattering could
be a contributor to optical loss, since in several of the fabrication techniques
used to produce SOI wafers, the potential exists for the introduction of de-
fects, notably via ion implantation. It has been shown that the contribution
to volume scattering is related to the number of defects, their size with re-
spect to the wavelength of propagation, and the correlation length along the
waveguide. In bulk media, Rayleigh scattering is the dominant loss mecha-
nism (see for example [3]), which exhibits a λ−4 dependence. However, for
confined waves the wavelength dependence is related to the axial correlation
length of the defects [4]. For correlation lengths shorter than or of the order
of the wavelength, the scattering loss exhibits a λ−3 dependence, because the
reduction of confinement for longer wavelengths partially counters the λ−4

relation. For long correlation lengths compared to the wavelength, radiation
losses dominate and a λ−1 dependence is observed.

Interface scattering has been studied by a number of authors, who have
published a range of expressions for approximating the scattering from the
surface or interface of an optical waveguide. However, since many of these
models are very complex, an approximate technique will be introduced here,
which is attractive due to its simplicity. The theory of this technique was first
introduced by Tien in 1971 [5], and is based upon the specular reflection of
power from a surface. This condition holds for long correlation lengths, which
is a reasonable assumption in most cases. If the incident beam has power Pi,
the specular reflected power, Pr, from a surface is given by [6]

Pr = Pi exp

[
−
(

4πσn1

λ0
cos θ1

)2
]

, (7.61)

where σ is the variance of the surface roughness (or rms roughness), θ1 is the
propagation angle within the waveguide, and n1 is the refractive index of the
core.

By considering the total power flow over a given distance, together with
the loss at both waveguide interfaces based upon (7.61), Tien produced the
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following expression for the loss coefficient due to interface scattering:

αs =
cos3 θ

2 sin θ

(
4πn1(σ2

u + σ2
� )

1
2

λ0

)2(
1

h + 1
kyu

+ 1
kyl

)
, (7.62)

where σu is the rms roughness for the upper waveguide interface, σ� is the
rms roughness for the lower waveguide interface, kyu is the y-directed decay
constant in the upper cladding, kyl is the y-directed decay constant in the
lower cladding, and h is the waveguide thickness.

The approximate degree of interface scattering can be evaluated from
(7.62). This is demonstrated by the example in [1].

Example
Reed and Knights [1] used n1 = 3.5, n2 = 1.5, n3 = 1.0, h = 1.0μm and

the operating wavelength λ0 = 1.3μm. They compared the scattering loss of
two different modes of the waveguide, the TE0 and the TE2 modes, for both
σu and σ� = 1 nm, evaluating the scattering loss for each mode, for each nm
of rms roughness at each interface. For the TE0 mode

αs =
cos3 θ

2 sin θ

(
4πn1(σ2

u + σ2
� )

1
2

λ0

)2(
1

h + 1
kyu

+ 1
kyl

)
= 0.04 cm−1. (7.63)

Expressed in dB, this is equivalent to a loss of 0.18 dB cm−1.
For the TE2 mode

αs =
cos3 θ

2 sin θ

(
4πn1(σ2

u + σ2
� )

1
2

λ0

)2(
1

h + 1
kyu

+ 1
kyl

)
= 1.33 cm−1. (7.64)

Expressed in dB, this is equivalent to a loss of 5.79 dB cm−1. It is clear from
this example that the higher order modes will suffer more loss due to interface
scattering than the fundamental mode. In this example, the TE2 mode expe-
riences more than 30 times more loss than the fundamental mode, resulting
from interface scattering. This is due to both the differences in optical confine-
ment, and to more reflections per unit length in the direction of propagation
for the higher order modes.

Absorption

The two main potential sources of absorption loss for semiconductor wave-
guides are bandedge absorption (or interband absorption), and free carrier ab-
sorption. Interband absorption occurs when photons with energy greater than
the bandgap, are absorbed to excite electrons from the valence band to the
conduction band. Therefore to avoid interband absorption, a wavelength that
is longer than the absorption edge wavelength of the waveguide material must
be used. Silicon is an excellent example material to demonstrate this point.
The bandedge wavelength of silicon is approximately 1.1μm, above which sil-
icon is used as a waveguide material. For wavelengths shorter than 1.1μm,
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silicon absorbs very strongly, and is one of the most common materials used
for photodetectors in the visible wavelength range, and at very short infra-
red wavelengths. Therefore, semiconductor waveguides should suffer negligible
bandedge absorption, provided a suitable wavelength of operation is chosen.

Free carrier absorption, however, may be significant in semiconductor
waveguides. The concentration of free carriers will affect both the real and
imaginary refractive indices. For devices fabricated in silicon, modulation of
the free carrier density is used to deliberately modulate refractive index, an
effect that will be discussed in more detail later in this chapter when optical
modulators are considered. Changes in absorption in semiconductors can be
described by the well-known Drude–Lorenz equation [7]

Δα =
e3λ2

0

4π2c3ε0n

(
Ne

μe(m∗
ce)2

+
Nh

μh(m∗
ch)2

)
, (7.65)

where e is the electronic charge, c is the velocity of light in vacuum, μe is the
electron mobility, μh is the hole mobility, m∗

ce is the effective mass of electrons,
m∗

ch is the effective mass of holes, Ne is the free electron concentration, Nh is
the free hole concentration, ε0 is the permittivity of free space and λ0 is the
free space wavelength.

Some of the parameters in (7.65) are interdependent, so care must be
taken while evaluating the effect of free carrier absorption. However, in or-
der to demonstrate the significance of free carrier absorption let us consider
the additional absorption introduced by free carriers. Soref and Bennet eval-
uated (7.65) for values of N in the range 1018–1020 cm−3, and showed that
an injected hole and electron concentration of 1018 cm−3 introduces a total
additional loss of approximately 2.5 cm−1. This corresponds to a loss in dB
of 10.86 dB cm−1, indicating the dramatic effect doping of the semiconductor
can have on the loss of a waveguide.

Radiation

Radiation loss from a straight optical waveguide should ideally be negligible.
This type of loss implies coupling from the waveguide into the surrounding
media, typically the upper or lower cladding, or for a rib waveguide, into the
planar region adjacent to the guide. If the waveguide is well designed this
loss will not normally be significant, although unwanted perturbations in the
waveguide, due to, for example, a slightly damaged fabrication mask, may
cause scattering of light from one mode to another. The second mode, may
in turn result in some radiative loss if that mode is leaky. Another situation
that may result in some radiative loss, is curvature of the waveguide, as this
will change the angle of incidence at the waveguide wall, which may in turn
result in some radiative loss.

For a multilayer waveguide structure such as the SOI rib waveguide struc-
ture depicted in Fig. 7.11, the possibility of radiative loss exists if the lower
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waveguide cladding is finite. In the case of SOI, the buried oxide layer must
be sufficiently thick to prevent optical modes from penetrating the oxide layer
and coupling to the silicon substrate. Clearly, the required thickness will vary
from mode to mode, as we have seen that each mode penetrates the cladding
to a different depth. Furthermore, the penetration depth also varies with the
waveguide dimensions with respect to the wavelength of operation. Hence it
is important to ensure that a sufficiently thick buried oxide is utilized.

7.11.7 Coupling to the Optical Circuit

Coupling of light to an integrated optical circuit is conceptually trivial, but
in practice is a non-trivial problem. This is because of the small size of op-
tical waveguides micrometres in either cross-sectional dimension. A variety
of techniques exist for performing the coupling task, the most common be-
ing end-fire coupling, butt coupling, prism coupling and grating coupling. End
fire coupling and butt coupling are very similar, involving simply shining light
onto the end of the waveguide. The distinction that is usually made between
these two methods is that butt coupling involves simply “butting” the two
devices or waveguides up to one another, such that the mode field of the
“transmitting” device, falls onto the endface of the second device, whereas
end-fire coupling incorporates a lens to focus the input beam onto the end-
face of the “receiving” device. Therefore, light is introduced into the end of
the waveguide, and can potentially excite all modes of the waveguide. Prism
coupling and grating coupling, however, are distinctly different approaches,
because they introduce an input beam through the surface of a waveguide,
at a specific angle. This enables phase matching to a particular propagation
constant within the waveguide, thereby enabling excitation of a specific mode.
The principles of these four coupling techniques are shown schematically in
Fig. 7.13.

For the purposes of semiconductor waveguide evaluation, prism coupling
is not particularly useful, because the prism should typically have a higher
refractive index that the waveguide, which seriously restricts the possibilities,
particularly for silicon, that has a high refractive index of 3.5. The remain-
ing three techniques can be useful for silicon-based technology, and will be
discussed in turn.

Grating Couplers

Grating couplers are useful because they provide a means of coupling to in-
dividual modes, and because they are useful for coupling to waveguide layers
of a wide range of thickness. However, because the input beam must be in-
troduced at a specific angle, grating couplers are not sufficiently robust for
commercial devices, but are a valuable development tool.

In order to couple light into a waveguide mode, as depicted in Fig. 7.13a
or b, it is necessary for the components of the phase velocities in the direction
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Fig. 7.13. Four techniques for coupling light to optical waveguides

of propagation (z direction) to be the same. This is referred to as the phase-
match condition, and in this case it means that the propagation constants
in the z direction must be the same. Consider first a beam (or ray) incident
upon the surface of the waveguide at an angle θa (Fig 7.14). The ray will
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Fig. 7.14. Light incident upon the surface of a waveguide

propagate in medium n3 with a propagation constant k0n3, in the direction
of propagation. Therefore, the z -directed propagation constant in medium n3

will be
kz = k0n3 sin θa. (7.66)

Therefore, the phase-match condition will be

β = kz = k0n3 sin θa, (7.67)

where β is the waveguide propagation constant.
However, we know that β ≥ k0n3. Therefore the condition of (7.67) can

never be met, since sin θa will be less than unity. This is why a prism or a
grating is required to couple light into the waveguide, because both can satisfy
the phase-match condition if correctly designed.

A grating is a periodic structure. If it is to used as an input or output
coupler, it is usual to fabricate the grating on the waveguide surface. The
periodic nature of the grating causes a periodic modulation of the effective
index of the waveguide. For an optical mode with propagation constant βW

when the grating is not present, the modulation results in a series of possible
propagation constants, βp given by

βp = βW +
2pπ
Λ

, (7.68)

where Λ is the period of the grating and p = ±1,±2,±3, . . .
These modes are equivalent to the different diffraction orders of a dif-

fraction grating. Clearly, the propagation constants corresponding to positive
values of p cannot exist in the waveguide because the propagation constant
βp will still be less than k0n3. Therefore, only the negative values of p can
result in a phase match. It is usual to fabricate the grating such that only the
value p = −1 results in a phase match with a waveguide mode. Therefore the
waveguide propagation constant becomes

βp = βW − 2π
Λ

. (7.69)
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Therefore, the phase-match condition becomes

βW − 2π
Λ

= k0n3 sin θa (7.70)

and
Λ =

λ

N − n3 sin θa
(7.71)

Butt Coupling and End-Fire Coupling

The parameters that affect the efficiency of butt coupling and end-fire coupling
are similar, so these techniques will be discussed together. When a light beam
in incident upon the endface of an optical waveguide, the efficiency with which
the light is coupled into the waveguide is a function of (i) how well the fields of
the excitation and the waveguide modes match; (ii) of the degree of reflection
from the waveguide facet; (iii) the quality of the waveguide endface; (iv) and
the spatial misalignment of the excitation and waveguide fields. There can also
be a numerical aperture mismatch in which the input angles of the optical
waveguide are not well matched to the range of excitation angles, but this
latter term is neglected here.

Overlap of Excitation and Waveguide Fields

Matching of the excitation fields is usually evaluated by carrying out the over-
lap integral between the excitation field and the waveguide field. In order to
evaluate this effect fully, all modes of the waveguide should be included in the
waveguide field. However, in practice, many applications require only single
mode operation, and consequently the overlap integral is evaluated between
the input field and the fundamental mode of the waveguide. The overlap in-
tegral Γ of two fields E and ε, is given by

Γ =

∫∞
−∞ dy

∞∫
−∞

E · ε · dx

[∫∞
−∞ dy

∫∞
−∞ E2 dx · ∫∞

−∞ dy
∞∫

−∞
ε2dx

] 1
2
, (7.72)

where the denominator is simply a normalising factor. The factor Γ lies be-
tween 0 and 1, and therefore, represents the range between 0 coupling and
100% coupling due to field overlap.

Reflection from the Waveguide Facet

Reflection from the waveguide endface is determined by the refractive indices
of the media involved in coupling from one medium to another, and is de-
scribed by the Fresnel equations introduced earlier. The reflection coefficient
rTE for TE polarization is
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Fig. 7.15. Reflection at an air/silicon interface

rTE =
− sin(θ1 − θ2)
sin(θ1 + θ2)

. (7.73)

Hence the reflectivity R is given by

RTE = r2
TE =

sin2(θ1 − θ2)
sin2(θ1 + θ2)

. (7.74)

Similarly, RTM can be found to be

RTM = r2
TM =

tan2(θ1 − θ2)
tan2(θ1 + θ2)

. (7.75)

The two functions are plotted in Fig. 7.15. for an air/silicon interface (i.e.
n1 = 1.0, n2 = 3.5). Note that at normal incidence (θ1=0), the reflection of
both TE and TM polarizations is the same. Furthermore, end-fire coupling
introduces light at near normal incidence. Consequently the approximation
is usually made that the Fresnel reflection at the waveguide facets is due to
normal incidence. In this case, (7.74) and (7.75) both reduce to

R =
∣∣∣∣n1 − n2

n1 + n2

∣∣∣∣
2

. (7.76)

For a silicon/air interface this reflection is approximately 31%, which in-
troduces an additional loss of 1.6 dB. A loss of 1.6 dB for each facet of the
waveguide is considerable, and is reduced in commercial devices by the use of
anti-reflection coatings.

The Quality of the Waveguide Endface

The quality of the waveguide endface is very dependent upon the prepara-
tion technique. Three main options are available for endface preparation of
semiconductor waveguides: cleaving, polishing and etching (see [1]).
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7.11.8 Measurement of Propagation Loss in Integrated Optical
Waveguides

Having considered the contributions to both loss and coupling efficiency, it is
worth to consider briefly the common methods of measuring the loss of optical
waveguides. Several techniques are available for waveguide loss measurement,
and the method implemented will depend upon the information required from
the experiment. For example, if the loss associated with particular modes of
a waveguide is required, then clearly a coupling technique that is mode se-
lective is required, such as prism coupling or grating coupling. Alternatively,
if the total loss of the waveguide is required, end-fire coupling or butt cou-
pling is attractive due to the simplicity with which either technique can be
implemented.

Insertion Loss and Propagation Loss

When an optical waveguide is measured, the objective of the measurement
must be made clear. There is often confusion between insertion loss and prop-
agation loss. The insertion loss of a waveguide or device, is the total loss as-
sociated with introducing that element into a system, and therefore includes
both the inherent loss of the waveguide itself, and the coupling losses associ-
ated with exciting the device. This measurement is typically associated with
system design or specification, since the total loss of introducing the device
clearly affects the system performance.

Alternatively, the propagation loss is the loss associated with propagation
in the waveguide or device, excluding coupling losses. To optimize the per-
formance of a given device during development or research, it is usually the
propagation loss that is of interest, since the contributions to the loss due to
waveguide design or material properties, are associated with the propagation
loss. It is sometimes necessary to derive one of these parameters from the
other.

There are three main experimental techniques associated with waveguide
measurement. They are (i) the cut-back method, (ii) the Fabry–Perot reso-
nance method and (iii) scattered light measurement. Each method are de-
scribed.

The Cut-Back Method

The cut-back method is conceptually the simplest method of measuring an
optical waveguide, and is associated with either end-fire coupling or butt cou-
pling. A waveguide of length L1 is excited by one of the coupling methods
mentioned, and the output power from the waveguide, I1, and the input power
to the waveguide, I0 are recorded. The waveguide is then shortened to another
length, L2, and the measurement repeated to determine I2, while the input
power I0 is kept constant. The propagation loss of the length of waveguide
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(L1 −L2) is therefore related to the difference in the output power from each
measurement. We can express this as

I1

I2
= exp(−α(L1 − L2)), (7.77)

i.e.

α =
(

1
L1 − L2

)
ln
[
I2

I1

]
. (7.78)

Note that this expression has been produced only from two data points, and
has assumed that the input coupling, the condition of the waveguide endfaces,
and the input power all remain constant. The accuracy of the technique can
be improved by taking multiple measurements and plotting a graph of the
optical loss against waveguide length. For more details, see [1].

A variation of the cut-back method, although inherently less accurate is
to carry out an insertion loss measurement for a single waveguide length, and
calculate the coupling loss by evaluating the reflection from each waveguide
endface, together with the mode field mismatch. Whilst this technique is usu-
ally a little less accurate than the cut-back method, it has the enormous
advantage of being non-destructive.

The Fabry–Perot Resonance Method

An optical waveguide with polished endfaces (facets), is similar in structure
to the cavity of a laser. Light propagates along the waveguide, and may be
reflected at either facet. Therefore, the waveguide structure may be regarded
as a resonant cavity with the waves undergoing multiple reflections as they
pass along the waveguide and back. Such a cavity is called a Fabry–Perot
cavity. The optical intensity transmitted through such a cavity, It, is related
to the incident light intensity, I0, by the well-known equation

It

I0
=

(1 − R)2 e−αL

(1 − R e−αL)2 + 4R e−αL sin2
(

φ
2

) . (7.79)

where R is the facet reflectivity, L is the waveguide length, α is the loss
coefficient, and φ is the phase difference between successive waves in the cavity.
Equation (7.79) has a maximum value when φ = 0 (or multiples of 2π), and
a minimum value when φ = π. i.e.

Imax

I0
=

(1 − R)2 e−αL

(1 − R e−αL)2
. (7.80)

Imin

I0
=

(1 − R)2 e−αL

(1 − R e−αL)2 + 4R e−αL
=

(1 − R)2 e−αL

(1 + R e−αL)2
. (7.81)
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Therefore, we can evaluate the ratio of the maximum to minimum intensity
as, ζ

ζ =
Imax

Imin
=

(1 + R e−αL)2

(1 − R e−αL)2
. (7.82)

We can rearrange (7.82) as

α = − 1
L

ln
[

1
R

√
ζ − 1√
ζ + 1

]
. (7.83)

Therefore, if we know the reflectivity, R, and if we can measure the ratio of
the maximum intensity to minimum intensity, ζ, the loss coefficient can be
evaluated.

The transfer function of the Fabry–Perot cavity is described by (7.79), and
is periodic when the phase, φ, passes through multiples of 2π. Therefore if we
can experimentally sweep the Fabry–Perot cavity through a few cycles of 2π,
ζ can be measured. Such cycling can be achieved by varying the temperature
of the waveguide and hence the length and refractive index, or alternatively,
by varying the wavelength of the light source.

Scattered Light Measurement

The measurement of scattered light from the surface of a waveguide can also
be used to determine the loss. The assumption underlying this method is
that, the amount of light scattered is proportional to the propagating light.
Therefore, if scattered light is measured as a function of waveguide length,
the rate of decay of scattered light will mimic the rate of decay of light in the
waveguide. Optical fibres can be used to collect scattered light from the surface
of a waveguide, and can be scanned along the surface. Alternatively, an image
of the entire surface can be made, and the decay of scattered light determined
accordingly. However, it is clear that light is only scattered significantly if the
loss of the waveguide is high, and relatively high power is propagating in the
waveguide. In many situations, neither is desirable, and hence this method
tends to be used for initial studies of waveguide materials, when losses are
high, but is discarded in favour of other techniques when the waveguide has
been optimized.

7.11.9 Optical Modulation Mechanisms in Silicon

One of the requirements of an integrated optical technology, particularly one
related to communications, is the ability to perform optical modulation. This
implies a change in the optical field due to some applied signal, typically,
although not exclusively an electrical signal. The change in the optical field
is usually derived from a change in refractive index of the material involved,
with the applied field, although other parametric changes are possible. It is
now widely accepted that the most efficient means of implementing optical
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modulation in silicon via an electrical signal, is to use carrier injection or
depletion. This will be discussed later. First, however, let us consider other
electrical modulation techniques to discover why they are not useful in silicon,
even though they are used in other integrated optical technologies. The pri-
mary candidates for electrically derived modulation are the Pockels effect, the
Kerr effect and the Franz–Keldysh effect. Soref and Bennett [8] have exam-
ined electric field effects in silicon, and have shown that none of these effects
are efficient, and that the plasma dispersion effect or the thermo-optic effect
are more useful (see [1]).

The Plasma Dispersion Effect

We previously noted that the concentration of free charges in silicon con-
tributes to the loss via absorption. We also observed that the imaginary
part of the refractive index is determined by the absorption (or loss) coef-
ficient. Therefore, it is clear that changing the concentration of free charges
can change the refractive index of the material. We saw that the Drude–Lorenz
equation relating the concentration of electrons and holes to the absorption
was

Δα =
e3λ2

0

4π2c3ε0n

(
Ne

μe(m∗
ce)2

+
Nh

μh(m∗
ch)2

)
. (7.84)

The corresponding equation relating the carrier concentrations, N , to change
in refractive index, Δn, is

Δn =
−e2λ2

0

8π2c2ε0n

(
Ne

m∗
ce

+
Nh

m∗
ch

)
. (7.85)

Soref and Bennett [8] studied results in the scientific literature to evaluate
the change in refractive index, Δn, to experimentally produced absorption
curves for a wide range of electron and hole densities, over a wide range of
wavelengths. In particular they focused on the communications wavelengths
of 1.3 and 1.55μm. Interestingly their results were in good agreement with
the classical Drude–Lorenz model, only for electrons. For holes they noted a
(ΔN)0.8 dependence. They also quantified the changes that they had identified
from the literature, for both changes in refractive index and in absorption [8].
They produced the following extremely useful expressions, which are now used
almost universally to evaluate changes due to injection or depletion of carriers
in silicon

At λw = 1.55μm

Δn = Δne + Δnh = −[8.8 × 10−22ΔNe + 8.5 × 10−18(ΔNh)0.8], (7.86)

Δα = Δαe + Δαh = 8.5 × 10−18ΔNe + 6.0 × 10−18ΔNh, (7.87)

where Δne is the change in refractive index resulting from change in free elec-
tron carrier concentrations; Δnh the change in refractive index resulting from
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change in free hole carrier concentrations; Δαe is the change in absorption
resulting from change in free electron carrier concentrations and Δαh is the
change in absorption resulting from change in free hole carrier concentrations.

The Thermo-Optic Effect

In addition to the electric field effects and injection of free carriers into sili-
con, one other modulation technique has proved viable for optical modulation
devices in silicon. It is the thermo-optic effect, in which the refractive index of
silicon is varied by applying heat to the material. The thermo-optic coefficient
in silicon is [9]

dn

dT
= 1.86 × 10−4 K−1. (7.88)

Therefore if the waveguide material can be raised in temperature by approx-
imately 6◦C in a controllable manner, a refractive index change of 1.1× 10−3

results. There are of course issues about controlling the temperature rise to the
locality of the waveguide, and of efficiency of the mechanism used to deliver
the thermal energy. However, experimental results of [9] suggest that a 500μm
device length can deliver a phase shift of π radians for an applied power of
10 mW, if the waveguide is thermally isolated from the substrate. This cor-
responds to a thermal change of approximately 7◦C, and hence a refractive
index change of approximately 1.3 × 10−3 over the length of the device.

It is worth noting that the refractive index change is positive with applied
thermal energy, whereas the injection of free carriers results in a decrease in
refractive index. Therefore the two effects could compete in a poorly designed
modulator.

7.12 Devices

7.12.1 The Mach Zehnder Interferometer

Interferometers are central to many optical circuits, but one of the most fre-
quently used interferometers is the famous Mach Zehnder interferometer. The
device is shown schematically in Fig. 7.16. The Mach Zehnder interferometer
is a common device in optical circuits, being the basis of several other devices
such as modulators, switches and filters. Let us briefly review the operation
of the interferometer.

Input waveguide Output waveguideArm 1

Arm 2

Fig. 7.16. Schematic of a waveguide Mach Zehnder interferometer
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First consider an input wave, at the input waveguide, and let the wave be
of TE polarization. Assuming the waveguide splitter (Y-junction) at the input
of the interferometer divides the wave evenly, the intensity in arm 1 and arm
2 of the interferometer will be the same. We can represent the electric fields
of the propagating modes in arm 1 and arm 2 of the interferometer as E1 and
E2, respectively, where

E1 = E0 sin(ωt − β1z) (7.89)

and
E2 = E0 sin(ωt − β2z) (7.90)

For the moment, we have considered the two fields to have the same ampli-
tude, but different propagation constants. The two fields propagate along their
respective arms of the interferometer and recombine at the output waveguide.
When the input Y-junction divides the input field, the two fields formed in
arm 1 and arm 2 will be in phase. However, when the fields recombine, they
may no longer be in phase, either due to different propagation constants in
the arms, or due to different optical path lengths in the arms. The intensity
at the output waveguide, ST will be

ST = [(E1 + E2) × (H1 + H2)] = S0(E1 + E2)2. (7.91)

Therefore we need to evaluate the term (E1 + E2)2. Let us assume different
path lengths for the two waves, of L1 and L2. Expanding and substituting for
E1 and E2 gives

ST = S0

{
E2

0 sin2(ωt − β1L1) + E2
0 sin2(ωt − β2L2)

+ 2E2
0 sin(ωt − β1L1) sin(ωt − β2L2)

}
(7.92)

Using trigonometric identities, (7.92) can be rewritten as

ST = S0

{
E2

0

(
1
2
[1 − cos(2ωt − 2β1L1)]

)
+ E2

0

(
1
2
[1 − cos(2ωt − 2β2L2)]

)
+E2

0 [cos(β2L2 − β1L1) − cos(2ωt − β2L2 − β1L1)]
}

. (7.93)

Since optical frequencies are very high, only the time average of these waves
can be observed. Hence all terms in (7.93), must be replaced with their time
average equivalent, yielding (7.94)

ST = S0

{
E2

0

2
+

E2
0

2
+ E2

0 [cos(β2L2 − β1L1)]
}

= S0{E2
0 [1 + cos(β2L2 − β1L1)]}. (7.94)

Equation (7.94) is the well-known transfer function of the interferometer,
which is plotted in Fig. 7.17, normalized to a maximum amplitude of 1. The
term (β2L2 − β1L1), represents the phase difference between the waves from
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Fig. 7.17. The normalized transfer function of a Mach Zehnder interferometer

each arm of the interferometer. Clearly, if the two arms of the interferome-
ter have identical waveguides, and hence identical propagation constants, the
transfer function will have maxima when the path length difference, |L2−L1|,
results in a phase difference of a multiple of 2π radians. Similarly, the transfer
function will have mimima when the phase difference is a multiple of π rad.

Thus, the intensity at the output of the Mach Zehnder interferometer can
be manipulated to be a maximum or a minimum, by varying the relative
phase of the two arms of the interferometer. This could be accomplished by
inserting an optical phase modulator into one of the interferometer arms.
In the case of the silicon modulator discussed in Sect. 7.11, the unwanted
additional absorption due to free carriers will result in an imbalance in the
intensities in each of the interferometer arms, and consequently, in imperfect
interference in the output waveguide, and in particular in an imperfect “null”
in the transfer function. If such an intensity modulator is to be used over less
than 2π rad, one arm can be biased in terms of loss, to compensate.

7.12.2 The Waveguide Bend

The majority of the waveguides discussed so far in this chapter have been
depicted as simple straight structures, uniform in the z direction (except
for the waveguides forming the Mach Zehnder interferometer). However, to
make the optical circuits practical we need to be able to send light to various
parts of the circuit. This means that we must be able to form bends in the
waveguide. Alternatively, one could imagine a series of straight waveguides
joined together, but the abrupt junction of such waveguides would result
in scattering centres, and hence losses would result at each abrupt change.
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A curved waveguide allows a gradual transition from one direction to another
that can have negligible loss.

At first sight, it may seem extravagant to regard a simple curve in a
waveguide as a separate device, and hence perhaps it is unexpected to find
bends covered in this chapter. However, like many other optical devices, the
bend requires careful design in order that it is not lossy. For this reason it is
included in this chapter, so that we can use the knowledge we have gained in
earlier chapters to understand the design issues for the waveguide bend.

Consider Fig. 7.18, which shows an optical fibre bend top view. An illus-
tration of the lateral optical field is also shown, including the evanescent fields
that extend into the cladding. It is convenient to consider the optical fibre, as
the symmetrical nature of the fibre simplifies the explanation of loss. We will
consider a rib waveguide subsequently.

Consider the mode shown in Fig. 7.19, travelling around the fibre bend.
Because the arc of the bend at the outside of the bend is longer than the arc at
the inside of the bend, light at the outer cladding must propagate more quickly
than light at the inner cladding, in order to maintain the phase relationship
across the mode.

Radiated Light

Fig. 7.18. Radiation loss from an optical fibre bend

y

x

z

Fig. 7.19. Waveguides bend showing distorted lateral mode shape
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As the evanescent tail extends into the outer cladding, eventually a dis-
tance is reached where light in the outer cladding will need to exceed the ve-
locity of unguided light in the same material, in order to maintain the mode.
This is of course, impossible, hence light is radiated and lost from the mode. A
similar situation occurs in a waveguide mode, although the geometrical shape
of the waveguide is more complex.

Marcatili and Miller [10], carried out an analysis of such a waveguide
bend to determine the loss coefficient. While their analysis was not for a
rib waveguide, the use of appropriately calculated propagation constants and
decay constants inside and outside the rib gives reasonable results for a rib
waveguide. They used an assumption that waveguide radiation from a bend
was similar to emission of photons from an abruptly ended waveguide. This
enabled them to determine a criteria for defining when light was lost from
the guide, and hence define a distance from the side of the bend when light
could be considered sufficiently far to no longer be part of the propagating
mode. This is a consequence of having to consider the distortion of the mode
travelling around a bend, as shown in Fig. 7.19, and to decide when light is
sufficiently far from the waveguide to be considered lost. However, their analy-
sis was based upon modes defined within the straight waveguide. Nonetheless,
their result is widely used, partly due to the mathematical convenience. They
showed that the loss coefficient from the bend was of the form

αbend = C1 exp(−C2R), (7.95)

where R is the bend radius, and C1 and C2 are related to the waveguide and
mode properties. The constants C1 and C2 are given by

C1 =
λ0 cos2

(
kxg

w
2

)
exp(kxsw)

w2kxsneffp

[
w
2 + 1

2kxg
sin(wkxg) + 1

kxs
cos2

(
kxg

w
2

)] (7.96)

and

C2 = 2kxs

(
λ0β

2πneffp
− 1
)

, (7.97)

where β is the z-directed propagation constant, kxg is the x-directed propa-
gation constant in the waveguide, kxs is the x-directed decay constant repre-
senting the evanescent field, w is the waveguide width, neffp is the effective
index outside the rib, and λ0 is the free space wavelength.

Equation (7.95) shows that the loss coefficient is critically dependant upon
the radius of curvature of the bend. Consequently the radius of curvature must
be as large as possible to minimize loss. However, for most applications a small
device footprint is desirable, implying that the radius should be as small as
possible. Furthermore, the constants C1 and C2 are critically dependant upon
the x-directed loss coefficient, kxs. In both constants, reducing the value of
kxs reduces the loss. Hence this tells us that increasing the confinement of the
waveguide will reduce the loss from the bend. An alternative way to look at
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this statement is that tightly confining waveguides can tolerate tighter bends
for a given bend loss. Thus, the SOI technology is potentially a good candidate
for small bend dimensions, as it is a highly confining technology due to the
large refractive index of silicon. Of course, the degree of lateral confinement
will vary with the etch depth of the rib waveguide, and hence careful design
of the rib associated with a bend is very important. To demonstrate the losses
involved, as predicted by this model, let us consider both small and large SOI
waveguide structures. Consider the rib waveguide of Fig. 7.20.

First, let us consider a waveguide with the following parameters: h = 5μm,
r = 3μm and w = 3.5μm. For these conditions, and assuming TE polarization
at a wavelength of λ = 1.55μm, we can evaluate the bend radius from (7.95),
for a bend loss of 0.1 dB cm−1. The resulting bend radius is approximately
7.25 mm, rather large. It is worth noting that this figure agrees reasonably
well with the sort of figures achieved experimentally giving some confidence
in the model. See for example, the results of Rickman and Reed [11] for large
waveguides with bend radii of the order of 7–10 mm. However, it should also
be remembered that this is a simple model of a waveguide bend, and hence
is rather approximate. It is helpful to consider the variation of bend loss with
radius of the bend. This is plotted in Fig. 7.21, for the waveguide defined
earlier.

Before moving to a smaller waveguide, it is interesting to consider the effect
of etching the waveguide a little more deeply, and hence better confining the
mode. Let the conditions now be: h = 5μm, r = 2.5μm, and w = 3.5μm.
Therefore the waveguide sidewalls have been etched by a further half of one
micrometer. The radius of a waveguide with a loss of 0.1 dB cm−1 now falls
to only 3 mm, significantly smaller.

Let us now consider a much smaller waveguide. Let the waveguide para-
meters be: h = 2μm, r = 1.2μm and w = 1.4μm. Proportionally, these are
the same dimensions as for the large rib discussed earlier. However, the bend
radius of a waveguide with a loss of 0.1 dB cm−1 now falls to 0.73 mm. We can
plot the variation in loss as a function of bend radius, as we did for a larger
rib. This is shown in Fig. 7.22. In a similar fashion to the earlier example, let
us now etch a little deeper into a small waveguide, so that the parameters

SiO2(n2)

w

h

n3=1.0

n1=3.5
r

Fig. 7.20. Rib waveguide geometry
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Fig. 7.21. Bend loss variation with bend radius for a large rib waveguide
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Fig. 7.22. Bend loss variation with bend radius for a small rib waveguide

become: h = 2μm, r = 1.0μm and w = 1.4μm. In this case, the waveguide
now can tolerate a bend radius of only 305μm. Clearly, the smaller the
waveguides become the smaller the bend radius can be, and hence save on
valuable real-estate area on the silicon wafer. This is just one of the reasons
that there is currently a trend towards smaller photonic circuit dimensions.

7.12.3 The Waveguide to Waveguide Coupler

In Sects. 7.2 and 7.1 of this chapter, we saw that power propagating along
a waveguide, includes some power travelling outside the waveguide in the
cladding. This was characterized in our planar waveguide by the penetration
depth of the cladding. The field that extends beyond the waveguide is re-
ferred to as the evanescent field. We can use this field to couple light from one
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Fig. 7.23. Two waveguides separated by a small distance s

waveguide to another if the waveguides are sufficiently close that the evanes-
cent fields overlap, in a device called a waveguide to waveguide coupler, or an
evanescent coupler. Zappe [12] presented a useful simplified analysis of such
a device, and we follow his approach here.

Consider the two identical waveguides, (a) and (b), shown in Fig. 7.23. The
waveguides have width w, and are separated by a small distance s. Let the
field in waveguide (a) be described by the equation

Ea = a0(x, y) ej βz ejwt. (7.98)

Similarly the field in waveguide (b) will be

Eb = b0(x, y) ej βz ejwt. (7.99)

The way the fields interact can be described by coupled mode theory (e.g. [13]).
Simplified versions of the coupling equations that relate the amplitudes within
each waveguide are

da0

dz
= κb0 (7.100)

and
db0

dz
= −κa0, (7.101)

where κ is a coupling coefficient. In this simplified equations we have assumed
that the waveguides are identical and hence a phase match exists between the
modes in each waveguide, no attenuation, and co-directional coupling. If we
now assume that one of the waveguides is excited at z = 0, and the other is
not, then we have

a0(z = 0) = 0 (7.102)

and
b0(z = 0) = c0. (7.103)

The solutions of these equations take the form

a0(z) = c0 sin(κz) (7.104)

and
b0(z) = c0 cos(κz). (7.105)

Therefore, it is clear that a field in one waveguide gives rise to a field in the
other, over some propagation distance z, and further that the transfer of power
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from one guide to the other is periodic, with a period given by the coupling
length, referred to as Lπ. We can see that complete transfer of power from
one guide to the other takes place when Lπ = mπ/2κ, for integer values of m.
Therefore, we can also imagine coupling lengths that are a specific fraction of
the coupling length to couple a predetermined proportion of the power from
one waveguide to the other. A particularly common example is the coupler
with coupling length Lc = Lπ/2 = mπ/4κ, which couples half of the energy
from one waveguide to the other. This structure is known as the 3 dB coupler
for obvious reasons.

The fact that power transfers from one guide to another in a periodic man-
ner means that over multiple coupling length the power will transfer back and
forth between the waveguides. This means that if a single coupling length is
very short, it may be more convenient to make devices with multiple coupling
lengths, although care must be taken to ensure that fabrication tolerances are
not exacerbated in this case.

The coupling efficiency is determined by the coupling coefficient, κ, which
can be expressed as [14]

κ =
2k2

xckxs exp(−kxss)
βw(k2

xs + k2
xc)

, (7.106)

where kxc is the x-directed propagation constant in the core, kxs is the x-
directed decay constant (between the waveguides), w is the waveguide width
and s is the waveguide separation. The exponential term in (7.106) is clearly
a strong influence on the value of κ. This shows that the waveguide spacing
and decay constant are very important parameters to the coupler. Clearly this
is expected, as the degree to which the evanescent fields overlap is dependant
upon these parameters.

Equation (7.106) shows that the coupling coefficient is not only a function
of modal confinement, but also of the propagation constant. This implies
that coupling efficiency will vary with wavelength, and hence by cascading a
series of couplers of slightly different design, it is possible to achieve a specific
wavelength dependence.

Further details can be found in [1].
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Submicron Silicon Strip Waveguides

D. Van Thourhout, W. Bogaerts, and P. Dunon

Summary. Submicron silicon strip waveguides have recently attracted a lot of
attention and are currently studied by several research groups. The use of submi-
cron silicon strip waveguides allows realizing extremely compact photonic circuits,
using standard CMOS-processing methods. Therefore, they are a promising candi-
date for fabricating future photonic ICs using a cost-effective and high-yield process.
We review the state-of-the-art of submicron silicon strip waveguides, starting from
its basic properties including the single mode condition, scattering losses, bend
losses, and polarization behavior. Subsequently we review the fabrication methods
employed for realizing these circuits and discuss the compatibility with advanced
CMOS-fabrication methods. Then basic waveguide structures such as splitters and
fiber couplers are studied. Finally some examples of more complex devices, including
cascaded Mach-Zehnder interferometers and arrayed waveguide gratings are shown.

8.1 Introduction

While state-of-the-art electronic circuits have unit dimensions between a few
tens of nanometers to a few micrometers for their basic functional blocks,
the dimensions of photonic devices are typically much larger, varying from
a few micrometer (e.g., for the core of a single mode fiber) to several cen-
timeter (e.g., for arrayed waveguide grating routers). This huge size difference
makes it not interesting in most cases to integrate electronics and photon-
ics on a single substrate. To make optoelectronic integration more attractive
there is a need for considerably more compact passive optical interconnect
structures (waveguides, bends, splitters, combiners, etc.), more compact wave-
length selective devices (high Q-resonators, highly dispersive elements), and
more compact nonlinear functions. Realizing this requires the use of ultra-high
optical index contrast waveguides. In the past, so-called super-high-Δ planar
lightwave circuits (PLC) have been presented, with a 1.5% index contrast be-
tween the silica cladding and the germanium-doped waveguide core [1]. How-
ever, the minimum acceptable bending radius in this material system is still
2 mm and therefore, incompatible with tight optoelectronic integration. III–V
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based waveguides allow a bending radius from 500μm to a few tens of μm
and very compact devices have been presented for so-called “deeply etched”
waveguides, which were defined by etching completely through the high-index
guiding layer and therefore show a very high lateral index contrast. However,
when using a very small bending radius, light leaks out of the bend through
the substrate because of the low vertical index contrast. To avoid this, also
the vertical-index contrast has to be increased. Such a high-index contrast has
been demonstrated in InP-based membrane type devices, GaAs/AlOx based
devices, and SOI-based devices, all of which consist of a thin high refractive
index semiconductor core layer between low index cladding layers (dielectric
or air) and allow for the realization of ultracompact waveguide elements.

An additional problem of photonic devices, however, is the fact that they,
for several reasons, often suffer from a low yield compared to their electronic
counterparts [2], which makes optoelectronic integration not very appealing.
Therefore, it is important to adopt, as much as possible, fabrication methods
and tools used in the silicon-based electronics industry. From this point of
view, SOI-based devices show the most potential for integration with elec-
tronic devices and therefore form one of the most promising solutions for
dense on-chip optical interconnects. These waveguides are typically fabricated
starting from an SOI wafer, consisting of a silicon substrate, an SiO2 box layer
(thickness tbox), and a silicon guiding layer (thickness h). The waveguides are
formed in this guiding layer. In some cases a SiO2 cladding layer is deposited
following the etch process. Figure 8.1 shows the basic waveguide structure.
The most relevant parameters are the waveguide width w and the height h.
Due to the extremely high-index contrast, these will typically be limited to a
few hundreds of nanometer for single mode waveguides.

Table 8.1 gives a review of publications discussing submicron silicon strip
waveguides, showing a strongly enhanced activity in this domain during the
last few years. Two main categories of waveguide structures can be dis-
tinguished. Some groups are aiming to reach polarization independence by
choosing the waveguide width equal to its height [14,19,23,26]. Most groups,
however, opt for an asymmetric guide with a core height varying between 200

W
h

W
h

tbox tbox

tclad

Fig. 8.1. Basic Silicon strip waveguide structure with air top cladding (left) and
silica top cladding (right)
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Table 8.1. Publication overview submicron SOI wires

h w loss box top

aff. date (nm) (nm) (db cm−1) (um) clad fab. ref.

IMEC Apr 2004 220 500 2.4 1 no DUV [3–7]

IBM Apr 2004 220 445 3.6 2 no EBeam [8,9]

Cornell Aug 2003 270 470 5.0 3 no EBeam [10,11]

NTT Feb 2005
300 300 7.8

3 yes EBeam
[12–14]

200 400 2.8

Yokohama Dec 2002 320 400 105.0 1 no EBeam [15–19]

MIT Dec 2001
200 500 32.0

1 yes
G-line [20,21]

50 200 0.8 +oxidation

LETI / LPM
Apr 2005 300 300 15.0 1 yes DUV [22,23]

200 500 5.0

Columbia Oct 2003 260 600 110.0 1 yes EBeam [24,25]

NEC Oct 2004 300 300 19 1 yes EBeam [26]

and 340 nm and a width varying from 400 to 600 nm. The latter is in most cases
determined by the single mode condition (see later). Reported losses for sin-
gle mode waveguides vary from +100 dB cm−1 to less than 3 dB cm−1. In [20]
a 0.8 dB cm−1 loss was reported. However, the dimensions of this waveguide
were too small to strongly confine the light and this wire can no longer be
considered as a high contrast waveguide.

In Sect. 8.2 we will investigate the basic properties of submicron silicon
strip waveguides. Unless otherwise noted all calculations were performed
using h = 220 nm and w = 500 nm at a wavelength of 1550 nm and for
TE-polarization. A full-vectorial mode-solver based on the film-matching
method was used.

8.2 Basic Properties

8.2.1 Refractive Index, Group Index, Single Mode Condition

The refractive indices of the silicon core layer and the SiO2 cladding at a
wavelength of 1550 nm are, respectively, given by 3.45 and 1.46. Figure 8.2
shows the effective index for the lowest order TE-like and TM-like modes for a
waveguide with a 220 nm high core as function of the waveguide width, respec-
tively, without and with a SiO2 overcladding. For the air cladded waveguide
we see an anticrossing between the dispersion curves for the first-order TE-like
mode and the zeroth-order TM-like mode at w = 680 nm and at this point
the modes have a hybrid character. For a width w = 600 nm the first-order
TE-like mode is cutoff and for smaller widths the waveguides are single mode.
Adding a SiO2 top-cladding slightly decreases the refractive index contrast.
The single mode width is decreased to 480 nm.
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The wavelength dependence of the silicon refractive index can be found
in [27]. Since we are operating relatively far away from the bandedge the
material dispersion is limited and negligible compared to the waveguide
dispersion. Figure 8.3a shows the effective index and the group index (ng =
neff − λdneff/dλ) as a function of wavelength. Because of the high waveguide
dispersion, the group index is considerably higher than the effective index,
which may be relevant when determining the latency of an optical link. Also
important filter characteristics, such as the free spectral range of ring res-
onators and arrayed waveguide gratings (AWGs) are determined by the group
index. Figure 8.3b gives the variation of the group index as a function of
the waveguide width and shows an increase in the group index for smaller
waveguides.

8.2.2 Losses

Published losses for single mode waveguides vary from a few db cm−1 to sev-
eral hundreds of db cm−1 (see Table 8.1). The most relevant loss factors
are fundamental material absorption (e.g., due to free carrier absorption),
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substrate leakage (see Sect. 8.2.3), and scattering at interface roughness. The
first two factors can be reduced to negligible values by, respectively, choosing
sufficiently high resistivity wafers and a sufficiently high box layer thickness
(see later). Reducing scattering losses requires careful process optimization to
reduce sidewall roughness. Several authors have developed models to evalu-
ate the influence of roughness on the propagation loss. Most authors agree
that the scattering loss increases with index contrast and field strength but
sources disagree on the exact relationship. Using the simple model proposed
by Tien [28], the propagation loss is calculated as

αs ∝ σ2E2
s∫

E2dx
Δn2. (8.1)

With σ the interface roughness, Es the electric field at the interface, and
Δn the refractive index contrast. More advanced models also include the co-
herence length Lc of the roughness [29]. In [30] the loss due to scattering was
calculated for square silicon wire waveguides as a function of their dimen-
sions and for several values of roughness amplitude and correlation length.
The calculated losses agree well with the values reported in literature. An
example is given in Fig. 8.4. Due to the increasing intensity of the light at
the sidewall interface, the losses are increasing considerably with decreasing
waveguide width. However, at a certain critical width (∼260 nm in Fig. 8.4 ),
the light is no longer strongly confined in the waveguide core and the optical
mode width starts increasing again, leading to a reduced loss. However, the
reduced confinement also will result in an increased minimal acceptable bend
radius and increased substrate leakage losses (see later).
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Fig. 8.4. Calculated propagation losses versus waveguide width for σ = 2nm,
Lc = 5 nm (from [30])
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In literature, values varying from σ = 11nm, Lc = 70 nm [19] to σ = 2 nm,
Lc = 50 nm [9] have been reported for the roughness standard deviation and
coherence length, resulting in a corresponding reduction in losses from over
100 db cm−1 to below 4 db cm−1 for single mode waveguides. Figure 8.5 shows
the measured waveguide loss as function of waveguide width for waveguides
fabricated in our facilities (crosses, [3]), demonstrating the expected increase
in loss for smaller width waveguides. The data point indicated by the black
square is taken from [9], the data point indicated by the black diamond is
taken from [14].

Figure 8.6 shows the loss for a waveguide with height h = 220 nm, width
w = 450 nm and a box layer thickness of 2μm, as function of the wave-
length (taken from [9]). The minimal loss is observed around 1450–1500 nm.
For higher and lower wavelength values, the loss increases considerably. Ac-
cording to the authors of [9], for higher wavelengths this may be explained
by the increase in mode field diameter and the corresponding increase in
interaction with the sidewall roughness and substrate leakage. For smaller
wavelengths, the roughness amplitude increases relatively with respect to
the wavelength, also leading to higher losses. Similar results were presented
in [23]. In [14], the response over a similar wavelength range was almost
completely flat, however. Figure 8.6 also shows the strong polarization de-
pendence of the loss. Based on a dipole scattering mode, Bogaerts [6] found
that for typical etching induced sidewall roughness consisting of vertical stria-
tions TM-polarized light is scattered much more efficiently than TM-polarized
light and therefore the TM-losses should be higher. At 1550 nm, this was
also experimentally observed [4, 9]. However, Vlasov [9] noted that, due to
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Fig. 8.5. Measured waveguide loss as function of width as reported by Bogaerts [6].
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and Tsuchizawa [14]
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the boundary condition imposed on discontinuity in the electric field the TE-
polarized mode has a higher field strength at the sidewall and therefore should
have a higher loss.

As explained earlier, process optimization has led to a propagation loss
reduction from over 100 db cm−1 to ∼2 db cm−1 for single mode silicon strip
waveguides. Despite this spectacular improvement, such losses are still much
higher than those reported for silica-based waveguides [1], where, depending
on the refractive index contrast, losses from 0.01 db cm−1 (minimum bend
radius 25 mm) to 0.07 db cm−1 (minimum bend radius 2 mm) are reported.
However, while the dimensions of typical PLC-based devices such as AWGs
are in the order of centimeters, dimensions of silicon wire based devices
have dimensions below 100μm (see next sections), leading to total prop-
agation losses per device that are comparable for both optical waveguide
platforms.

8.2.3 Box Layer Thickness

Another important parameter is the thickness tbox of the SiO2 box layer. As
can be seen in Table 8.1, values between 1 and 3μm are typically employed.
Making tbox thicker is technologically more challenging but smaller values
may cause leakage to the substrate. Figure 8.7 shows the calculated substrate
leakage as a function of the oxide buffer thickness for different waveguide
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widths [6]. For reducing the substrate leakage loss of single mode waveguides
below 1 db cm−1, a buffer thickness of at least 1μm has to be chosen. Also note
that the substrate leakage loss increases rapidly with decreasing waveguide
width. For TM-polarization, the loss is higher because the field is less confined
in the waveguide core.

8.2.4 Polarization

Figure 8.2 shows that waveguides with a rectangular cross-section exhibit very
different modal properties for TE- and TM-polarized light. As mentioned
in Sect. 8.2.3, also the loss is very polarization sensitive (e.g. see Fig. 8.6).
To overcome this problem, several authors have proposed using waveguides
with a square cross-section (typically 300 nm × 300 nm) [14, 19, 23, 26], which
results in equal properties for TE-like and TM-like modes. Since the sidewall
roughness is typically present at the vertical interfaces, the polarization de-
pendent loss will remain important, however. An additional problem to be
resolved is the polarization crosstalk in bends with a small radius (<5μm).
This issue was discussed in detail in [19]. Using FDTD-simulations the max-
imum polarization crosstalk induced in a 1μm radius bend was calculated
to be −25 dB, which is acceptable for practical implementations. The actual
measured polarization crosstalk was much larger, however, up to −10 dB. The
authors explained this by a ∼5◦ tilt of the sidewall of the fabricated waveguide.
Also the scattering loss in the bend may play a role. For on-chip optical in-
terconnect, the polarization issue is less important. For other applications
polarization diversity approaches can be used [41] (see the section “Grating
Couplers”).
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8.2.5 Temperature Dependence

Since the temperature over a CMOS chip may vary considerably, the influence
of operating temperature on the waveguide properties has to be investigated,
in particular when optical filters and resonators are used. The change of
the refractive index of silicon is around 1.79× 10−4 K−1 at 1550 nm [32]. The
refractive index change of SiO2 depends on the fabrication method but is
an order of magnitude smaller than that of silicon. From these values the
refractive index change of the propagation index and the related shift in fil-
ter peak wavelength value can easily be calculated. For most classical filter
structures such as Mach-Zehnder interferometers (MZI), ring resonators, and
phased-arrays the wavelength shift depends in the same way on the change
in refractive index and is given by dλ/λ = dng/ng. Based on the values given
above, we calculated a wavelength shift of 140 pmK−1. Measured temper-
ature dependence of the peak wavelength for ring resonators and cascaded
MZI-structures shows a good linearity but a reduced shift of 80 pm K−1 and
89 pm K−1, respectively (Fig. 8.8). We believe the discrepancy between calcu-
lations and measured results may be caused by stress in the SOI-structure.

The strong temperature dependence may be a problem for stabilizing
wavelength dependent structures but can also be used for making compact
switches [25]. This is discussed later in this chapter.

8.2.6 Bend Radius

Obviously, one of the most attractive features offered by silicon wire wave-
guides is the possibility for realizing an extremely short bending radius. Both
theoretical (FDTD) and experimental results have been reported by sev-
eral authors. The lowest experimental losses were reported by Vlasov [9],
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who reports losses of 0.086, 0.013, and 0 dB for a 90◦ turn with bend
radius of, respectively, 1, 2, and 5μm (uncertainty +/− 0.005 dB per turn)
for waveguides with a rectangular cross-section, using TE-polarized light at
a wavelength of 1500 nm. For TM-polarization, the losses at a wavelength
of 1500 nm increase. In [14], 0.15 and 0.6 dB per turn were measured for
waveguides with, respectively, a rectangular and a square cross-section and
a 2μm bend radius. Also in this case the loss for 5μm bends is negligible.
Similar results were found in [23]. FDTD-simulations in [19] show very good
agreement with the experimental results of [9]. The authors of [19] also in-
vestigated the influence of the bend pattern on the polarization crosstalk and
the losses and mention an increased crosstalk for S-shaped bends compared
to U-shaped bends.

Several authors [24, 33, 34] have proposed and/or demonstrated corner-
mirror and resonator-based bend structures with the goal of further decreas-
ing the bend loss and size. However, in view of the excellent results reported
earlier for standard bend structures and the increased sensitivity to wave-
length, polarization, and side wall angle for the resonant structures, it is very
unlikely that they will have any practical use.

8.2.7 Waveguide Pitch

To increase the total data density, the minimum waveguide pitch is an impor-
tant parameter. The minimum waveguide pitch is defined here as the minimum
center-to-center spacing that is allowed without causing crosstalk between the
channels and is dependent on the distance over which the channels are running
alongside each other and the acceptable crosstalk level.1 Figure 8.9 shows the
minimum allowable center-to-center spacing as function of waveguide height
and width (for −20 db cm−1 crosstalk level). For wider waveguides the min-
imum pitch obviously increases. Since for smaller widths the mode gets less
confined in the core, however, also for decreasing width the minimum pitch
increases and as a consequence there is an optimum for the waveguide width.
Due to the higher confinement, waveguides with an increased core layer height
h allow for a smaller pitch.

The minimum acceptable waveguide pitch also imposes an upper boundary
for the data density per square centimeter. Further increasing the data density
would require further increasing the refractive index contrast. In principle this
can be done by decreasing the cladding refractive index (using air-cladding or
low-k dielectrics) or increasing the core refractive index. At this moment, none
of these seems viable, however. Alternatively, new waveguide types such as
plasmon waveguides [35] may be considered. In principle, such waveguides can
confine the electromagnetic radiation in a smaller volume. However, they in-
trinsically show extremely high propagation losses. Note that photonic crystal

1 The acceptable crosstalk level will depend on the application and the difference
in power levels between different channels
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waveguides cannot bring a solution here since, although the optical mode itself
may be more confined, they typically require several rows of holes to reach
this effect.

8.3 Fabrication

8.3.1 Introduction

Table 8.2 gives a review of the fabrication methods used by several groups.
Most research groups are using Ebeam lithography for defining the silicon
stripe waveguides. Ebeam lithography allows for very high accuracy and is
an excellent research tool. For obtaining low loss waveguides and avoiding
roughness in the resist pattern, a stringent optimization of the writing process
(spot size, overlap) and the resist process is required [12,14,16].

For large scale applications, however, such as on-chip optical interconnect,
a mask-based lithography approach has to be developed. In [4] and [23] deep
UV lithography is used (248 nm illumination wavelength). In [20] a G-line
stepper (436 nm illumination wavelength) is used, which is in principle suf-
ficient for defining 500 nm lines but will not be useful when finer features
such as small gaps in directional couplers or star couplers have to be defined.
Also mixed approaches combining mask based lithography for the wider lines
and Ebeam lithography for the finer features have been demonstrated [22].
Sect. 8.3.2 will describe in detail the DUV-based fabrication process.

For transferring the resist pattern in the silicon core layer, different etching
processes have been employed. In most cases a SiO2-mask or a metal hard
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Table 8.2. Fabrication approaches

loss box top

aff. (db cm−1) (um) clad fab. mask etch method

IMEC 2.4 1 no DUV Resist Cl2/He/Hbr/O2 (ICP)

IBM 3.6 2 no EBeam SiO2 CF4/CHF3/Ar (oxide)

+ HBr (silicon)

Cornell 5.0 3 no EBeam ICP

NTT 6.0 3 no EBeam SiO2 SF6/CF4 etch, ECR-etch

Yokohama 105.0 1 no EBeam metal ICP (CF4 + Xe)

MIT 32.0
yes G-line

SiO2
RIE (SF6)

0.8 oxidation

LETI 15.0 1 yes DUV SiO2 HBr etching

5.0 mixed

Columbia 110.0 1 yes EBeam Aluminium RIE (CF4:Ar)

Ebeam 19.0 1 yes EBeam SiO2 ICP

mask is used. In [4] a resist mask is used, however. For etching the silicon an
ICP-based or ECR-based etching procedure is preferred for making smooth
sidewalls with little damage. In Sect. 8.3.2, the DUV process developed at
IMEC is described in more detail.

8.3.2 CMOS-Compatible Deep-UV Lithography
Based Fabrication Process

Introduction

Using CMOS-technology for nanophotonic circuits brings the potential of low
cost, volume manufacturing, and solving the yield problems suffered now by
photonic devices. Therefore, we investigated the possibilities and limitations
of using deep UV lithography and CMOS etching processes for fabricating
nanophotonic devices.

The process flow is very similar to that of conventional projection litho-
graphy. We used commercial SOI wafers from SOITEC fabricated using the
UNIBOND process [37]. The SOI wafers have a 220 nm top silicon layer and a
1μm silica box layer. In a first step the wafer is coated with photoresist and
an antireflective coating which is used to avoid standing wave patterns in the
photoresist. Subsequently, a 248 or 193 nm stepper is used for illumination of
the resist. The pattern is typically repeated several times over the wafer and
different exposure conditions can be used for the different dies allowing to
make a detailed process characterization. In a next step, the resist pattern is
postbaked and developed. An additional plasma treatment is used for resist
hardening before etching. The photoresist is used directly as an etch mask for
the silicon etch. If needed thermal oxidation or oxide deposition processes can
be added to the process flow.
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Deep UV Lithography

For our experiments an ASML PAS5500/750 stepper with 248 nm illumina-
tion wavelength connected to an automated track for preprocessing and post-
processing was used. The resolution of optical projection lithography is mainly
determined by the illumination wavelength and the numerical aperture (NA)
of the projection system and the smallest feature that can be imaged is pro-
portional to λ/NA. Decreasing the illumination wavelength or increasing the
NA therefore enhances the resolution. The drawback of increasing the reso-
lution by increasing the NA invariably leads to a decrease in depth of focus
(DOF) for the optical system which makes the fabrication much more sensi-
tive to variations in wafer topography. For characterizing the process, both
hole and line patterns were printed with different exposure doses. Lines are
defined by etching two 1–3μm wide tracks spaced by the required width (i.e.,
the actual line width). The results can be seen in Fig. 8.10. The hole diame-
ters increase with increasing exposure dose, while the line width of a photonic
wire decreases. For a given feature size on the mask, a wide range of printed
feature sizes can be obtained. The range of exposure energies where the struc-
ture is still within specification is called the exposure latitude. One of the
difficulties of the lithographic process is to print different types of structures
such as isolated lines, narrow gaps, photonic crystal structures, and gratings
with the same accuracy. As can be seen from Fig. 8.10, even for isolated lines,
the dose-to-target (required exposure dose for reaching the designed feature
size) may differ considerably depending on the designed line width. In order
to print all features correctly, a bias may have to be applied in the design
phase and therefore a thorough optimization of the whole process in advance
is needed.

Also optical proximity effects have to be corrected. If features with di-
mensions close to the illumination wavelength are defined, diffraction may
cause the images of neighboring structures to overlap, resulting in either de-
structive or constructive interference and as a consequence the features size
of (semi)isolated structures may differ from that of structures in a dense ar-
ray. Figure 8.11 shows two examples of optical proximity effects. In the left
picture, the width of a line is influenced by a line printed next to it and even
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Original Mask layout

Mask layout with OPCResist on wafer

Fig. 8.11. Optical proximity effects for lines (left) and photonic crystals (right).
Optical proximity corrections (OPC) on the mask can compensate for this (the
corrections in the figure above are exaggerated)

the waveguide center is displaced. The right picture shows how the diameter
of holes in a photonic crystal lattice is different in the bulk of the lattice and
at the waveguide borders and corners. By adding a correction in the mask,
OPE-effects can be compensated for. Note that, due to electron scattering,
proximity effects also form a problem for Ebeam lithography. However, since
the effect is coherent for mask based lithography it is more difficult to simulate.

Etching

The structures are etched on a LAM A6 platform. For the silicon etch a
Cl2/O2/He/HBr chemistry was used. The original process, including the re-
sist thickness, was optimized for also etching the underlying silica cladding
layer using a CF4/O2 chemistry. This, however, resulted in a very high rough-
ness (Fig. 8.12, left), which can be overcome partly by oxidation (see section
“Oxidation”). For photonic wires the deep etch is not needed, however, and the
oxide etch can be omitted. To overcome a considerable bias between lithogra-
phy and etch, a resist hardening plasma treatment is introduced in this case.
This results in a considerable roughness reduction with a residual sidewall
roughness in the order of 5 nm or less (Fig. 8.12, right) and low propagation
losses (Fig. 8.5).

Oxidation

Several authors have found that a high temperature oxidation step following
the waveguide etching can smoothen the sidewalls of the photonic wires [4,14,
20,21]. This was studied in detail in [20,21], where the waveguide losses before
and after oxidation were determined and the oxidation kinetics were studied.
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Fig. 8.12. Deeply etched structures showing high roughness and high loss
(∼300 db cm−1) (left) and shallowly etched strip waveguides with reduced losses
(2.4 db cm−1)(right)

10 nm oxide 30 nm oxide 50 nm oxide

Fig. 8.13. Sidewall smoothing due to oxidation

Oxidation led to a reduction of the sidewall rms roughness from 10 to 2 nm.
However, as explained above the resulting waveguide had a core thickness of
only 50 nm and can no longer strongly confine the light.

Figure 8.13 shows the effect of oxidation on the sidewall roughness of a
small hole. Although there is an apparent increase of the roughness at the
SiO2/air interface one may assume that the roughness which is actually rele-
vant, namely at the Si/SiO2 interface, is smoother due to the diffuse nature
of the oxidation process.

A drawback of the oxidation process is the high temperature required
(>1,000◦C), which makes the process incompatible with back-end processing.
While the oxidation can indeed reduce the losses, most of the low propagation
loss results [3, 9, 14] were obtained without oxidation.
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Fig. 8.14. Cross-section of photonic crystal holes with 500 nm pitch after oxide
deposition

(a) (b)
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Fig. 8.15. Compact branch type coupler (a) and MMI-type coupler (b)

Oxide Deposition for Top Cladding

Due to the reduced index contrast, a silica top cladding should, for a given
width, lead to a further decrease of the propagation loss. However, as can be
seen from Fig. 8.2, adding a top cladding also requires considerably smaller
waveguides if the single mode condition has to be fulfilled. Table 8.1 shows
that several authors have indeed used a top cladding layer. Figure 8.14 shows
an example of a photonic crystal structure covered with a 500 nm oxide layer
deposited using a TEOS CVD process (following a 5 nm oxidation). Note that
no artifacts such as voids are visible and that the deposition process creates
a smooth planar top cladding.

8.3.3 CMOS-Compatibility

While deep UV-lithography is capable of printing features with the dimensions
of photonic wires and photonic crystals there are some important differences
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between nanophotonic components and typical CMOS-structures and some
issues to be taken into account when designing photonic components. These
include sidewall roughness and depth of focus, as mentioned earlier. Some
other potential problems are described later.

CMOS Components are Layered

In a typical process flow for the fabrication of high-end electronic devices
the components are layered. Each layer contains only critical structures of
a certain type (transistor gates, contact holes, interconnect wires, etc.) and
a given dimension. Therefore, the process can be optimized for each layer
individually. In planar nanophotonics, small alignment tolerances require that
all structures are fabricated in the same lithographic step. As explained earlier,
the optimal process conditions may differ strongly for different structures,
however, and this requires difficult precompensation on the mask level.

Note that with typical steppers an alignment accuracy better than 100 nm
between different layers can be obtained. However, for the ultracompact
waveguide structures considered here this is still not sufficient and would lead
to considerable transition losses. A possible solution would be to incorporate
optimized transition sections, which are wider or exhibit a lower transversal
index contrast and, therefore, are more tolerant to discontinuities.

Type of Structures

Also the type of structures may differ considerably between CMOS and pho-
tonics. A typical example includes super dense photonic crystal lattices. The
best equivalent in CMOS is a 1:1 dense array of contact holes, in which case
the hole diameter is equal to the spacing in between. In triangular photonic
crystal lattices, the spacing between the holes can be reduced to virtual noth-
ing, however.

Required Accuracy

As described in [6,38], the properties of high-contrast nanophotonic devices are
extremely sensitive to deviations in the fabrication process. For wavelength de-
pendent circuits (filters, demultiplexers, etc.) the spectral transmission shifts
as a result of the waveguide thickness. In most type of circuits, the relative
wavelength shift is equal to the relative change in effective index. This leads
to the equation:

∂λ

λ
= −∂kz

kz
=

k2
x

k2
z

∂kx

kx
= −k2

x

k2
z

∂d

d
(8.2)

with kz the propagation coefficient, kx the k-vector perpendicular to the
waveguide axis and d the waveguide width. Since for high contrast waveguides
kz ≈ kx this means the structural dimensions need to have the same accu-
racy as the accuracy required for the wavelength dependent transfer of the
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device. In the same way, one can show that, for interference type filters such
as Fabry-Pérot cavities

∂λ

λ
=

∂L

L
(8.3)

with L the cavity length. Again, if L is of the order of the wavelength, as
needed for ultracompact resonators with large FSR and only a few modes, the
tolerable thickness inaccuracy is of the same order as the tolerable resonance
wavelength inaccuracy.

A lot of more advanced filter structures such as AWGs and Cascaded MZI-
structures (see later) are based on multipath interference and are very sensitive
to phase-errors accumulated along the way. We believe this is the main reason
for the relatively high crosstalk level reported thus far for this kind of devices
[7, 14, 16]. This issue is also related to another problem, namely the mask
pixelization. The DUV-mask is written with a finite resolution. This may lead
to coherence in the induced sidewall roughness, which enhances problems due
to roughness-induced phase errors. Another problem is the limited control over
the exact dimensions of structures, as e.g., has been noticed by several authors
when defining ring resonator based multichannel add-drop multiplexers (e.g.,
see Fig. 8.25)

8.4 Devices

8.4.1 Couplers–Splitters

Except for simple point-to-point interconnections, most circuits will require
splitters or couplers. This is for example the case in clock distribution net-
works, where the input signal has to be evenly divided toward a very large
number of detectors, but also in every filter function, such as ring resonators,
where couplers always form one of the basic building blocks.

Couplers and splitters have to fulfill several requirements:

1. Negligible insertion loss
2. Precise splitting and/or coupling ratio

– For 3 dB-splitters (e.g., used in clock distribution networks or Mach-
Zehnder interferometer based switches . . . ) an equal distribution ratio
is extremely important.

– Some types of wavelength selective filters (e.g., ring resonators, cas-
caded Mach-Zehnder interferometers, ladder type filters) require very
accurate control over the coupling ratio, which can vary from less than
1% to 50%.

3. Wavelength independent operation
4. Tolerance to fabrication deviations

Directional coupler type devices consisting of two identical waveguides
brought close together are best suited for realizing variable coupling ratios.
They need narrow gaps between both waveguides (in some cases down to a few
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tens of nanometers, mostly in the order of 200–300 nm, however) and, there-
fore, may be sensitive to optical proximity effects (e.g., see Fig. 8.11). They
are also not trivial to simulate because of the high index contrast. However,
they are conceptually simple and relatively broadband. Optical directional
couplers for square cross-section silicon wires, including their polarization de-
pendent and wavelength dependent behavior were studied in detail in [26,39].
MMI-type devices with variable coupling ratio have been demonstrated in
other material systems but to our knowledge not yet employing submicron
SOI-wires.

Different designs for compact 3 dB-couplers splitting the power evenly over
two output waveguides were studied in detail in [18], both using simulations
(2D and 3D FDTD) and experimentally. The simple branch consisting of two
offset bends as sketched in Fig. 8.15a turned out to have the lowest inser-
tion loss and to be the most manufacturable. FDTD simulations (3D) predict
a 0.2 dB excess loss for such a structure. Experimentally, an excess loss of
0.3 dB was demonstrated. By optimizing the length g and the bend radius R,
the structure can be made very tolerant to process variations. The optimized
structure was used in [17] to construct a 3-level H-tree. A 2–5 dB fluctuation
was measured over the 16 ports.

In [23], MMI-type couplers (Fig. 8.15b) were experimentally demonstrated
and a 1-to-8 distribution tree was demonstrated. The experimental imbalance
remains smaller than 0.5 dB over a 400 nm spectral range. The size of the 1×2
MMI was 2 × 5.4μm2.

8.4.2 Crossings

One of the advantages of optical interconnects often mentioned is the possi-
bility to make crosstalk free crossings, which would simplify the interconnect
problem considerably. For free space interconnects this assumption holds but
for guided wave solutions part of the light of the main channel will leak into
the intersecting channel and this will become worse with increasing optical
confinement (or in other words, increasing numerical aperture). Since SOI-
wires confine the optical mode to a very small cross-section we can expect
a large crosstalk and reflections at intersections. This problem has been in-
vestigated by Fukazawa [40] using 3D-FDTD-simulations and experimentally.
For a simple cross-section (Fig. 8.16a) the insertion loss and crosstalk were
estimated (3D-FDTD) to be 1.4 and −9.2 dB, respectively, which is totally
unacceptable for practical applications. Expanding the mode as in Fig. 8.16b
makes the angular spectrum smaller and leads to an improved performance
(<0.1 dB loss and <−30 dB crosstalk). This structure was also fabricated and
performance comparable with the simulations was demonstrated (<0.1 dB loss
and <−25 dB crosstalk). However, in practice also the intersecting waveguide
should be tapered as in Fig. 8.16c, again leading to higher losses (0.4 dB).
In [34] a resonant coupler with <0.2 dB insertion loss was presented. How-
ever, the simulations were limited to 2D FDTD and the transmission band of
the resonant coupler was limited to a few nanometer.
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(c)(b)(a)

Fig. 8.16. (a) Standard crossing. (b) Crossing with single parabolic taper.
(c) Crossing with double parabolic taper

An additional drawback of the resonant crossing and the parabolic crossing
are the additional floor space required, which may be a problem in ultradense
interconnect circuits. At this moment no satisfactory solution is available for
realizing crossings and an interconnect layout requiring no crossings should be
used, potentially using multiple wiring levels combined with vertical optical
vias.

8.4.3 Fiber-Chip Couplers

Introduction

For on-chip optical interconnect, coupling between the photonic wires and an
optical fiber is not necessary. For all other applications, however, the coupling
of light between the fiber and the chip is one of the most essential parts of
the device and determines a huge fraction of the cost of the packaged device.
In some material systems, such as polymer or silica-on-silicon, the size of the
basic optical waveguide mode is identical to that of the optical fiber and the
coupling is straightforward. Losses below 0.1/dB per connection point have
been demonstrated [1]. In a lot of cases, however, there is a large mismatch
between the optical mode on and off the chip resulting in large coupling losses
if no mode adapters are used. This is the case, for example, for InP-laser
diodes and a fortiori, for the submicron silicon wire waveguides discussed
here. In general two approaches can be followed. In the first one, the field
is adapted outside of the chip, e.g., using small ball lenses or a lensed fiber.
Such an approach has the advantage of not requiring additional processing for
making the on-chip mode adapters but leads to high packaging costs because
of the additional components required (if ball lenses are used) and because of
the very high alignment accuracy required. In the second approach, the mode
adapter is integrated on the chip and the alignment accuracy is relaxed, which
also results in lower packaging cost. The processing becomes more complex,
however, and the tradeoff between processing cost and packaging cost will
determine what solution is to be preferred.

Because of the extremely large mismatch, external mode adaptation is
almost impossible for silicon wires and a solution with on-chip mode adapters
has to be used. A good solution has to fulfill several requirements:
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– Except for a few specific cases, in general broadband operation is required
for the fiber-chip coupler (several tens of nanometers). This requirement
excludes the use of long gratings and directional coupler based devices that
may have a good efficiency but work only for a narrow bandwidth range.

– Low loss. The loss per connection should be reduced to values com-
parable with current high-contrast PLC solutions, i.e., at least below
1 dB/connection and preferably below 0.5 dB/connection.

– Low reflection. AR-coatings can be applied but approaches avoiding this
clearly have an advantage.

– Large alignment tolerance.
– Correct fabrication tolerance. If the coupling structure (or parts thereof)

is defined in the same step as the wires themselves, very high alignment
accuracy can be reached and narrow lines can be defined. Parts of the
structure defined in a postprocessing step have to be more tolerant to
deviations and typically will have larger minimum dimensions.

– “CMOS-compatible”-fabrication, both in terms of materials and in terms
of processing (e.g., taking into account available DOF). The etching of
very deep silicon structures has to be avoided.

– Size.
– Limited extra processing steps.

Different solutions have been proposed in literature and the chapter on cou-
plers in this book describes different possible solutions. Below we are dis-
cussing two options, which were developed specifically having SOI-wires in
mind and which according to us show the most promise taking into account
the above requirements.

Inverse Tapers

The inverse taper approach shown in Fig. 8.17 has been demonstrated by
several groups (see Table 8.3). Over a length of a few tens to a few hundreds

Det WD Exp
TLD 2.8 1

200 nm
P040243-D08

0.4 mm

0.2 mm

Lt

Wt

Fig. 8.17. Inverse taper based fiber-chip coupler (left) and tapers defined by DUV
(right)
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Table 8.3. Inverse taper review table

cladding cladding loss per

Aff. h (nm) w (nm) Lt (um) W t (nm) material Size (μm2) connection ref.

IBM 220 445 150.0 75.0 Polymer 2 × 2 <0.5 dB [9]

Cornell 270 470 40.0 100.0 SiO2 2 × 00 <4 dB [10]

NTT 200 400 300.0 80.0 Polymer 3 × 3 0.8 dB [14]

SiON 3 × 3 0.5 dB

of micrometers the silicon waveguide is narrowed down and the optical field is
pushed upward to a low-index overlay. In most cases this overlay is patterned
to form a single mode waveguide, which is then used to bring the optical mode
to the edge of the chip. In [10] the overlay was not patterned and the chip
had to be diced directly at the end of the silicon taper. In most cases the chip
is coupled to a high NA single mode fiber with a mode diameter smaller than
standard single mode fiber. Using this approach low-loss broadband operation
was demonstrated (<0.5 dB per connection over range 1250–1750 nm in [9,
14]). The loss is mainly determined by the taper tip width Wt and its length
Lt and a compromise between acceptable loss and size has to be found.

Both polymer-based approaches [9, 14] and inorganic-based approaches
[10, 14] have been demonstrated. The latter may be more reliable and can
withstand high optical input powers such as those required for nonlinear opti-
cal devices, while polymers are potentially cheaper and are easier to deposit.
An additional advantage of the inverse taper approach is the inherent low
facet reflection.

All of the demonstrated devices until now used Ebeam lithography for
defining the narrow taper tips. We recently demonstrated the fabrication of
such tapers using a combination of 248 nm DUV lithography and trimming,
demonstrating that these couplers are also compatible with standard CMOS
processing techniques (Fig. 8.17).

Grating Couplers

The idea of using a grating for coupling light to an optical waveguide has been
around for a very long time. In most cases, however, a long, weak grating is
used, leading to a narrow bandwidth. Moreover, such a solution may require an
additional lens because the gaussian beam exiting the grating is not adapted
to the fiber mode.

We proposed an alternative approach using a short but strong grating as
shown schematically in Fig. 8.18. The mode exiting this grating has the same
dimensions as the single mode fiber and therefore direct butt coupling between
the fiber and the chip is possible. This method has several advantages:

– Large bandwidth. Since a strong grating is used, the bandwidth can be
several tens of nanometers.
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Fig. 8.18. Grating-based fiber chip coupler, only the core of the fiber is shown
(left). Theoretical and experimental results for fabricated structure (right)

– Small size.
– Low reflections.
– No need for facet polishing or cleaving.
– Wafer scale testability. Since the devices can be accessed from the top,

testing during the fabrication cycle is possible.

We designed and optimized a grating for coupling between an SOI wave-
guide, with a 220 nm thin Si core layer, and a single-mode optical fiber [41].
In a first stage, we have optimized the parameters of a uniform grating. For
a uniform grating, the maximum coupling efficiency that can be achieved is
approximately 55% and the 1-dB bandwidth for that structure is 43 nm. The
parameters that were optimized are the etch depth, grating period and duty
cycle, and the thickness of the buried oxide layer of the SOI. Also an index
matching layer is used between the grating and the fiber. The fiber is placed
not exactly vertical, but at a small angle (8◦) with respect to the vertical
direction, to avoid back-reflection into the fiber or waveguide. However, for
the actual fabricated structure, the thickness of the BOX-layer was not opti-
mized, leading to a reduction of the expected maximum coupling efficiency.
Theoretical and experimental results for the fabricated grating are shown in
Fig. 8.18. As can be seen from this picture a maximum coupling efficiency of
33% was measured. The 1 dB-bandwidth was 40 nm. For obtaining the theo-
retical results a 1D calculation was used. If also the lateral dimension is taken
into account the discrepancy between theoretical and experimental results
reduces to a few percent.

The efficiency of a uniform grating is limited by two factors. First, a uni-
form grating creates an approximately exponentially decaying output field
along the propagation direction. The fiber-mode has a Gaussian profile. As
a result, there is a mode mismatch between the two and this limits the
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theoretical coupling efficiency. Second, the grating does not only couple light
from the waveguide upward toward the fiber, but also downward toward the
substrate. The light coupled to the substrate is lost and limits the efficiency.
To avoid this, a mirror (dielectric DBR or metal mirror) can be added under
the grating. If the position of the mirror is correctly chosen, all the light can
be coupled upward and no light is lost to the substrate.

We have optimized such a grating using a genetic algorithm. Both the
width of the grating teeth and the spacing between the grating teeth is opti-
mized. More details on the design and optimization of this structure can be
found in [42]. The resulting structure is shown in Fig. 8.19, together with a
field plot and the calculated transmission. The coupling efficiency is 95% and
the 1-dB bandwidth is 43 nm. When regular SOI is used instead of SOI with
a bottom reflector, the coupling efficiency is 63%. The regular SOI wafers
are commercially available products, the fabrication of wafers with a bottom
reflector requires additional processing steps. The cited values are for TE-
polarization.

The 1D grating only couples TE-polarized into the circuits and TM-
polarized light is lost. If a 2D grating is used, however, both polarizations
couple toward different directions perpendicular with respect to each other.
Therefore, the 2D grating coupler can be used as a polarization splitter
[31] and for implementing a polarization diversity scheme as presented in
Fig. 8.20. As discussed earlier, such a scheme could provide a solution for
the extremely polarization dependent behavior of the submicron silicon wire
circuits.

For making a compact transition between the grating coupler having
a lateral width of 10μm and the 500 nm wide single mode wire, compact
interference type filters were designed [43] using a genetic algorithm and
fabricated. A typical structure and the measured performance is shown in
Fig. 8.21.
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Fig. 8.19. Optimized grating structure with nonuniform grating and bottom reflec-
tor. Field plot (left) and calculated transmittance (right)
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Fig. 8.20. Polarization diversity scheme using 2D-grating coupler
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8.4.4 Ring Resonators

Compact microring resonators can be a building block for densely integrated
wavelength selective filters. Since SOI-based photonic wires enable the fabri-
cation of bend waveguides with very short bend radius they are suited very
well for fabricating ring resonators with a large free spectral range (FSR),
which is important for the fabrication of useful add-drop filters. A large fi-
nesse and high extinction ratios are of utter importance too. For increasing
the roll-off and for obtaining a flat-top transmission, higher-order filters can
be fabricated by connecting several ring resonators in series [44]. Reliable fab-
rication of such devices is challenging, however, and ring resonators also form
a very good test for the quality and reproducibility of the technology.

SOI-based ring resonators have been presented by several authors [11, 14,
36, 45]. We fabricated a series of devices using DUV-lithography. The most
challenging part of the fabrication process is defining the narrow gap between
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the bus and ring waveguides in the coupler region in a reliable manner, since it
is influenced strongly by optical proximity effects (e.g., see Fig. 8.11, left). The
resonators have radii up to 8μm and are laterally coupled to two waveguides
for channel dropping purposes. We studied different coupling alternatives in
order to achieve low crosstalk and high finesse while maintaining a large free
spectral range.

The first devices fabricated are circular ring resonators coupled to two
straight waveguides. The gap between ring and straight waveguide is limited
to about 200 nm due to technological limitations. This makes coupling between
the ring and waveguides difficult and smaller than 1%. With a 5μm radius
ring, a FSR of 17 nm is obtained but drop efficiency is very low due to the low
coupling. Also, Fig. 8.22, left shows that resonances are often split. This is due
to coupling to the counter-propagating mode induced by the surface rough-
ness. As explained in [46] this effect only appears if the coupling coefficient
is sufficiently low. We applied a BCB top cladding in order to enhance the
coupling. This polymer has a higher refractive index (1.5) than the original
air cladding, which increases the coupling coefficient slightly. The measure-
ments in Fig. 8.22, right clearly show the resulting increase of the coupling
and the absence or large reduction in the splitting of the resonances. Reduced
waveguide dispersion also leads to a net increase of the FSR to 18.5 nm.

Due to low coupling and high FSR the finesse of this kind of device is high,
up to 120. However, for WDM purposes coupling should be increased. There-
fore, we looked at other ring resonator configurations to enhance coupling
between cavity and waveguides.

One option is to include a straight coupling section, leading to a racetrack
resonator (e.g., see Fig. 8.23, left). We fabricated racetracks with radii of the
bend section between 1 and 6μm. With 1μm radius, a Q of around 2,100 is
obtained but the drop efficiency is low. For larger radii, the ring losses decrease
quickly. With a 2μm radius, drop efficiency is already much larger and Q fac-
tors in the range 5,000–9,000 are obtained. We also fabricated racetracks with
5μm radius and larger coupling section. The larger coupling leads to a high
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Fig. 8.22. Detail of transmission spectra of a ring resonator with 5 μm radius (left).
Same ring with a BCB top cladding, resonance in the same wavelength range (right)
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Fig. 8.23. Racetrack resonator with 1μm radius (left). Transmission spectra of
racetrack resonator with 5μm radius (right)
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Fig. 8.24. SEM picture (left) and transmission spectra (right) of a bend-coupled
ring resonator with 5μm radius

add-drop extinction ratio of −20 dB and 50–70% drop efficiency at Q factors
still larger than 3,000 (Fig. 8.23).

While racetrack resonators can clearly enhance coupling, their FSR is lim-
ited. Another option is coupling to bend waveguides (Fig. 8.24). By carefully
choosing the widths of cavity and bus waveguides, a good phase matching can
be obtained and coupling can be high without lowering the FSR as in the
case of the racetrack resonator. We fabricated bend-coupled resonators with
5 and 8μm radius. The amount of coupling is varied by varying the angle
over which both waveguides are coupled. Coupling is large enough to obtain
a relatively high extinction ratio (−10 to −15 dB) and high drop efficiency,
although these first devices are still far from optimized.

We fabricated a four channel add-drop filter with racetrack resonators with
different radius. By varying the radius, the resonance wavelength is changed
and each cavity is tuned to another set of dropped wavelengths. One must
keep in mind that with this approach the FSR also varies. Figure 8.25 shows
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Fig. 8.26. SEM-picture of SOI-based eight-channel AWG and measured transfer
curves

the overlaid transmission spectra for four resonators with 6, 6.02, 6.04, and
6.08μm. A BCB top cladding was applied. We see that a large part of the
FSR can be reached by changing the radius over only 80 nm. However, better
control over the exact resonance wavelengths is needed.

8.4.5 Arrayed Waveguide Grating Devices

Silica-on-silicon AWGs are currently the most popular integrated device
for multiplexing and demultiplexing multiple wavelength channels. We have
designed and fabricated an 8-channel AWG (Fig. 8.26). This device has a
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footprint of 380μm × 290μm or about 0.1 mm2. The transfer from the input
port to the 8 output waveguides is also plotted in Fig. 8.26. The small ripple
is caused by residual reflections in the grating couplers. The channel spac-
ing is 3 nm, with a free spectral range of 24 nm. The on-chip insertion loss
was approximately 8 dB. We believe this loss is mainly caused by reflections
in the star coupler and can be reduced by adapting the transition zone be-
tween the grating arms and the star coupler. The main problem, however,
is the high crosstalk level, limited to values around −7 dB, which is clearly
not sufficient for practical applications. Also in [16] an AWG fabricated using
SOI-wires was presented. The authors optimized the devices for compactness
and demonstrated a 110 × 93μm2 device with a 6 nm channel spacing and a
90 nm FSR. However, also in this case, the crosstalk was limited to a few dB.

The high crosstalk may be caused by several reasons such as reflections or
overspill in the star coupler [47]. We believe the crosstalk is mainly caused by
phase errors in the grating arms, however. Due to the high refractive index
contrast even the very small roughness can lead to random phase fluctuations
over the array arms and lead to the observed crosstalk level.

8.4.6 Cascaded Mach-Zehnder Interferometers

SOI-wire based Cascaded Mach-Zehnder interferometers have been demon-
strated by several authors [14, 24, 48]. As shown in Fig. 8.27, such filters con-
sist of a series of Mach-Zehnder interferometers with constant path-length
difference but with varying coupling ratio optimized to obtain the desired
wavelength dependent transmittance. The measured transmission for the fab-
ricated device is shown in Fig. 8.27b. A crosstalk slightly better than −10 dB
was measured, limited by a nonoptimized choice of the coupling ratios and by
phase errors in the interferometers. In [14], a similar device having a −12 dB
crosstalk level and a 80 nm spectral range was demonstrated. By cascading
three devices in series, the crosstalk could be increased to −30 dB. Also mul-
tiple wavelength add-drops where demonstrated.
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20 mmAcc.V Spot Magn
5.00 kV 2000x3.0
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Fig. 8.27. Cascaded Mach-Zehnder interferometer. Fabricated device (left) and
measured performance (right)
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8.4.7 Active Devices

The demonstration of active devices using submicron silicon wires has been
limited till now and mainly modulator type devices have been demonstrated.
As discussed extensively in a separate chapter in this book, the two main
mechanisms for modulating the refractive index of silicon are carrier injection
and thermo-optic tuning.

In [25], a compact thermo-optically tuned switch based on a Mach-Zehnder
interferometer was demonstrated. The Cr–Au heaters were deposited on a
1μm SiO2-buffer layer. The total switching power required was 50 mW, the
total length of the device was ∼1.5 mm. A <3.5μs rise time was demonstrated.
We demonstrated thermo-optic tuning of ring resonators and cascaded Mach-
Zehnder interferometers (Fig. 8.9) [50].

In [11] FP-type modulator using deeply etching DBR-mirrors was demon-
strated. Also all-optical switching in a ring resonator was demonstrated in [11].
Recently, also gain through Raman pumping has been demonstrated [49].
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9

Photonic Crystal Microcircuit Elements

T.F. Krauss

Summary. In the context of optical interconnects and photonic circuitry, photonic
crystals offer exciting opportunities. Most notably, they can be realised on the same
size as electronic microcircuits and provide novel functionality on a wavelength scale.
Their working principles and some of the recently introduced device concepts are
described, including superprisms, slow wave structures, dispersion compensating
elements and high Q cavities.

9.1 Introduction

Work on wave propagation in periodic structures dates back a long time, e.g.
to 1884 (Achille Floquet), 1913 (William Lawrence and William Henry Bragg)
and 1928 (Felix Bloch), to name but a few of the famous examples. It was not
until 1987, however, when Eli Yablonovitch [1] formally recognised the simi-
larity between the propagation of electromagnetic waves in periodic structures
and that of the bandstructure phenomena well known from solid-state physics,
thus coining the terms “photonic bandgap” and “photonic crystal”. Initial
work in this area was aimed at improving the properties of light emitters by
controlling the process of spontaneous emission. This led to the development
of rather impressive optical structures that are periodic in one, two or three
dimensions. The work is now bearing fruit, with several examples of spon-
taneous emission control having recently been demonstrated [2, 3], including
the demonstration of “strong coupling”, i.e. the reversible energy exchange
between an optical mode and the excited state of a quantum dot embedded
in a photonic crystal microcavity [4].

During the mid-1990s, another application for photonic crystals, emerged
namely in photonic circuits. The idea was to use 2D or planar photonic crys-
tals and to exploit their ability to control and manipulate guided waves on a
wavelength scale, thus enabling the vision of a “photonic metropolis” [5], i.e.
a network of interlinked optical pathways based on photonic crystals. Optical
confinement in the vertical, i.e. the third dimension, was to be provided by
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a standard waveguide heterostructure utilising total internal reflection. The
particular attraction of this approach is the fact that patterns can be defined
using sophisticated lithographic techniques developed by the microelectron-
ics industry, allowing structures to be generated with high fidelity. The key
requirement for the realisation of this vision, i.e. a 2D photonic bandgap
in waveguide-based system, was achieved in 1996 [6] with a flurry of acti-
vity following this. To date, a wide variety of photonic circuit elements have
been demonstrated, ranging from low-loss single-mode waveguides [7, 8] to
bends [9], splitters [10,11], couplers and Mach-Zehnder interferometers [12,13].
Even more importantly, however, is the realisation of novel functional ele-
ments, such as microspectrometers or “superprisms” and “supercollimators”
[14–16], as well as devices exploiting the available dispersion control, e.g. for
pulse compression [17], dispersion compensation [18] and slow wave effects
[19]. Finally, the intrinsic polarisation dependence of planar photonic crystals
can be used for polarisation control, such as polarisation splitters [20,21] and
rotators [22]. In summary, planar photonic crystals give rise to a new class of
microphotonic circuit elements.

9.2 Stopbands and Bandgaps

Since the focus of this article is on 2D or planar photonic crystals (planar
PhCs) and photonic crystal waveguides, we shall limit the discussion to 1D
and 2D effects. To start off with, let us consider a 1D periodic structure as
illustrated in Fig. 9.1a.

9.2.1 One-Dimensional (1D) Periodic Structures

The propagation of light through this structure is then governed by two
effects (a) the Fresnel reflection experienced at each interface, given by
r = (n2 −n1)/(n2 +n1), with r the amplitude reflection coefficient and n1, n2

the respective refractive indices of the two layers and (b) the interference
between multiply scattered waves that can build up to significant reflection
(Bragg effect). The Bragg effect is strongest for k = π/a, i.e. if the k-vector of
the incident light matches the periodicity of the system a or, in other words,
if half the wavelength of the material corresponds to the period, according to
k = π/a⇒ 2π/λm = π/a ⇔ a = λm/2.

Note that the Fresnel effect is wavelength independent, whereas the Bragg
effect is not. This is important for the consideration of the wavelength de-
pendence discussed later. The combination of the two effects is most simply
represented in a reflectivity vs. wavelength plot or in a bandstructure diagram
(combined in Fig. 9.1b). The bandstructure diagram follows most simply from
the fundamental relationship cm = λmν or cm = 2πν× (λm/2π) = ω/k, which
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Fig. 9.1. Schematic of light propagating through a periodic structure that consists of
two materials with refractive indices n1, n2 and periodicity a. (a) Indices of n1 = 2.5,
n2 = 1.66 and a period of a = 250 nm are used for illustrative purposes, resulting
in a stopband centred at 1,000 nm wavelength. A fraction of the light is reflected
at each interface. If half the wavelength of the material (λm) corresponds to the
lattice period, or λm/2 = a(k = π/a), the reflections add up in phase. (b) Resulting
bandstructure diagram featuring a stopband at kπ/a for frequencies between a/λ =
0.20 and a/λ = 0.30. Superimposed is a reflectivity spectrum highlighting the fact
that light can propagate outwith the stopband, but is reflected within

means that a photon propagating in a given material at speed cm
1 will simply

describe a straight line in an ω–k “dispersion” diagram. At the band edge,
due to the Bragg effect, the straight line is interrupted and a stopband opens
up (Fig. 9.1b). This stopband describes a frequency (or wavelength) regime
for which propagation is prohibited, corresponding to a regime of high reflec-
tivity. The width of the resulting stopband can then be described with two
different models

– Fresnel vs. Bragg. The response of the structure is determined by the in-
terplay between the Bragg and the Fresnel effects; for low-index contrast,
the Fresnel reflection is weak and many interferences are required to build
up a strong reflection. Naturally, this is strongly wavelength dependent,
so the (wavelength dependent) Bragg effect dominates and the spectral
bandwidth is narrow. For high-index contrast, the Fresnel reflection is
strong, so the wave will only sample a few layers before being totally re-
flected. Therefore, the (wavelength independent) Fresnel effect dominates
and the spectral bandwidth is large, i.e. a large stopband opens up.

– Optical path. The effective index of a given mode is determined by its
field distribution in the structure. At the band edge, the field may either
reside in the low- or in the high-index regions. Since the physical path of
the repeating unit cell is given by the period a and fixed, the difference

1 The speed of light in a material cm is given by cm = c/n, with n the refractive
index of the material
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between the bandedge wavelengths must be accommodated by different
optical path lengths and therefore corresponds to the difference in effective
refractive indices. In fact, the field redistribution can very closely map the
index distribution, especially in the case of a λ/4 stack (where each layer
is λ/4n thick), to the extent that

λlong

nhigh,eff
=

λshort

nlow,eff
⇔ λlong

λshort
=

nhigh,eff

nlow,eff
≈ nhigh

nlow
,

that is the ratio of the wavelengths corresponding to the lower and upper
band edges is approximately given by the ratio of the refractive indices.
The higher the index contrast, the larger the bandwidth. λlong and λshort

correspond to the long and short bandedge wavelengths, respectively; the
effective indices nhigh,eff and nlow,eff are determined by the corresponding
mode distributions and are the refractive indices of the two layers. NB:
The approximation does not hold for detuned structures, i.e. structures
that significantly deviate from the λ/4 criterion. Such structures will also
exhibit a stopband, but it may be significantly smaller than that the index
ratio would suggest.

9.2.2 Two-Dimensional (2D) Periodic Structures

We can now translate these ideas into 2D in order to understand the occur-
rence of higher dimensionality bandgaps. The wide spectral bandwith result-
ing from the high-index contrast discussed earlier also translates into a wide
angular bandwidth, i.e. for a given wavelength, a wide range of angles are
reflected. This is important for the 1D/2D transition, because a 2D grating
can be understood as a superposition of two or more 1D gratings, as sketched
in Fig. 9.2. Depending on the direction of propagation, the effective grating
period experienced will be different, so the stopband will be at a different
spectral position. If the stopbands are wide enough, however, there will be
an overlap, which determines the regime for which the structure reflects light
irrespective of the direction of propagation. The spectral range over which
this happens is referred to as the photonic bandgap. In the hexagonal lattice
depicted in Fig. 9.2, the effective period repeats every 60◦, so the largest differ-
ence between propagation directions is at 30◦. The two corresponding symme-
try directions, i.e. 0◦ and 30◦, are described as Γ–M and Γ–K in analogy with
solid-state physics notation (Fig. 9.2b). Combining the different directions in
a single plot then yields the bandstructure diagram as shown in Fig. 9.2c.

9.2.3 Photonic Crystal Waveguides

The 2D bandgap material thus created can be understood as a “photonic
insulator”, because in the bandgap regime it does not allow any light to prop-
agate. By adding deterministic defects to this “perfect” crystal, one can create
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Fig. 9.2. 2D photonic bandgap. (a) A triangular photonic lattice can be understood
as the superposition of two 1D gratings rotated at 30◦ with respect to one another.
(b) Corresponding Brillouin zone representation, using the notation of symmetry
points (Γ, K, M) well known from solid-state physics. (c) 2D photonic bandstruc-
ture of the same lattice, assuming an air-hole fill-factor of 30% and a background
refractive index of 3.5. The shaded area represents the photonic bandgap, i.e. the
regime where the individual stopbands (in Γ–M and Γ–K direction, respectively)
overlap. NB: For simplicity, we only show the bandstructure of a single polarisation,
here: TE-like polarisation, with the E-field mainly in the plane of the crystal, i.e.
across the holes

channels where light can indeed propagate. The simplest channel consists of
a single line of missing holes, referred to as “W1”, representing a channel of
one unit cell width, i.e. one line of missing holes. Similarly, one can create
channels of larger width (W2, W3, etc. as well as channels of fractional width,
W0.7, W1.5 and so on). These channel waveguides are the photonic equivalent
of metallic waveguides used in the microwave regime, where electromagnetic
waves are also guided by “perfect” reflectors.

In bandstructure terms, these waveguides create states in the bandgap.
The most commonly used waveguide is the “W1” type depicted in Fig. 9.3.

These waveguides can then be joined and combined to form more complex
circuits. Because of the multimode character of even the W1-type waveguide
(highlighted by the existence of a first-order mode in Fig. 9.3b), it is very
important to design junctions and transitions appropriately. A large body of
work has been spent to develop these with the vision of using photonic crys-
tals as a universal platform for future microphotonic circuits. Recent examples
include a multielement Y-junction with ultrashort tapers, Y-junctions and
bends featuring full numerical optimisation in the design process [11] as well
as an entire Mach-Zehnder circuit for all optical switching, comprising mul-
tiple input ports, directional couplers and junctions [13]. It should be noted,
however, that photonic crystals have yet to prove their advantage for simple
guiding and routing applications over the more conventional ridge waveguides
(also referred to as “wire” waveguides) of comparable size and index contrast;
these tend to be much easier to design and implement as well as featuring
lower propagation losses [23]. The areas where photonic crystal waveguides
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Fig. 9.3. Schematic (a) and bandstructure (b) of a W1 waveguide consisting of a
single line of missing holes. The insets in (b) highlight the nature of the two modes
of the waveguide, i.e. both a zero-order and a first-order mode can exist and the
diagonal line represents the light line for air cladding. The slope of the light line is
given by c/n, i.e. it is shallower and lies further to the right of the figure for a higher
index cladding material

have real advantages, however, are where they offer additional functionality,
such as dispersion and cavity confinement, and these areas are discussed in
Sect. 9.4–9.7. To exploit these advantages, it is imperative to design suitable
transitions between classical and photonic crystal waveguides, e.g. using the
numerical methods discussed in [11].

9.2.4 The Light Line

When creating line and point defects in a 2D photonic crystal, one must not
forget that the structure, although only 2D periodic, is still a 3D object. The
concept of the “photonic insulator” works very well in the plane, but does not
apply in all the three dimensions; for the third dimension, we typically rely
on total internal reflection. This is acceptable for many types of waveguides,
if for example we use modes with k-vectors that lie mainly in the plane of
the photonic crystal. We should be aware of the limitation imposed by total
internal refection, however, which is typically described by the “light line” of
the system. The light line in a dispersion diagram represents the refractive
index of the cladding.2 Any mode above the light line may couple to the
cladding and is therefore described as “leaky”; only modes below the light
line are truly confined and intrinsically loss less.3

2 In the case of asymmetric waveguides, the higher cladding index is relevant
3 Intrinsically loss less means that modes do not suffer losses in a perfect crystal;

if the crystal structure exhibits roughness and/or imperfections, radiation losses
still occur
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Fig. 9.4. A mode propagates in z-direction through a photonic crystal in the y–z
plane. The modulus of the wavevector k of the mode is given by |k | = neff2π/λ
with neff being its effective refractive index given by the field distribution, and l
its free-space wavelength. kz is the component of k in propagation direction. kz

can be determined from the bandstructure diagram. For the two operating points
highlighted here, |k | is almost constant, whereas kz varies significantly. This means
that for kz small, the structure has to accommodate the same (large) k -vector with
a smaller kz. It can only do this by increasing kx and ky, because of the relationship
k2 = k2

x + k2
y + k2

z between the components. While ky can grow large due to the
existence of a bandgap in the y–z plane, kx is limited by total internal reflection.
Once kx increases beyond the value corresponding to total internal reflection, the
mode can leak out

This effect can be understood in terms of k-vectors, using the mode of a W1
waveguide as an example (Fig. 9.4). We should also recall that the wavevector
k plotted in the bandstructure diagram corresponds to the wavevector in
direction of the periodicity, i.e. kz in the example.

The significance of the light line limitation depends on the type of struc-
ture, especially its length. For short interaction lengths (typically a few tens of
micrometres), the leakage may not be noticeable at all; this is clearly demon-
strated in [7], where the transmission for a 25μm long W1 waveguide is almost
identical above or below the light line; the same article, however, shows that
the difference for longer structures (up to 2 mm long) is severe, with a sub-
stantial difference in loss. Whether the light line imposes a limitation or not
therefore depends on the specific application and length of structure. For W3
waveguides in an InP/InGaAsP heterostructure, for example, which operate
entirely above the light line, acceptable losses of 2 dB mm−1 have already been
achieved [24].

If it is necessary to operate below the light line, the key limitation is the
available bandwidth (as highlighted by the spectrally narrow regime of low loss
in [7]). In order to maximise the bandwidth, one can use the lowest possible
cladding index, i.e. air. This requires the use of free-standing membranes.
While impressive results have been achieved, such membranes suffer from
mechanical instabilities and poor thermal and electrical conductivities, which
impose a new set of limitations, especially for actively tuned, switched or
amplified devices.
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9.3 Wave Propagation in Periodic Structures

The earlier discussion mainly refers to the occurrence of stopbands and
bandgaps, i.e. regimes where the propagation is forbidden and the photonic
crystal is used as an insulator. Away from the bandgap, however, modes can
indeed propagate through the structure subject to the limitations imposed on
it by the periodicity. They then assume the form of a Bloch mode [25].

9.3.1 Bloch Modes

The theorem first proposed by Achille Floquet and later extended to multi-
dimensional structures by Felix Bloch states that normal modes in periodic
structures can be expressed as the superposition of plane waves whose wave-
vectors are related by momentum conservation,

kn = k0 ± nG, G =
2π

a
, n = integer. (9.1)

where G is referred to as the lattice vector and a the period of the structure.
Please note that k0 does not describe the vacuum wavevector, but instead
some arbitrary initial wavevector; the suffix “0” highlights the fact that k0

has not been Bragg scattered, i.e. it has been Bragg scattered “0” times.
A set of these waves (the kn’s) together then forms a Bloch mode, which
is characterised by a single group velocity. Paradoxically, this means that a
Bloch mode is a mode with many phase velocities (many kn’s), yet only a
single group velocity.

What does this actually mean? Imagine a plane wave impinging on a
periodic structure. In order for the wave to “fit” into this structure, it needs to
have higher order spatial components. It gains them by interference with other
plane waves. These plane waves are the kn’s that arise from Bragg scattering
of the original wave, so a Bloch mode is an interference pattern between
multiply Bragg-scattered plane waves [25]. This pattern is reminiscent of the
interference pattern one obtains between plane waves, as illustrated in Fig. 9.5.

Another simple example for a Bloch mode is the standing wave that forms
in a multilayer stack. When the Bragg condition is met, i.e. when the period of
the structure corresponds to half the wavelength, the forward and backward
propagating waves interfere constructively and form a standing wave. This
can be understood as the superposition of an original wave k0 and a wave
that has been Bragg scattered once, k1, as follows:

k0 =
π

a
, k1 =

π

a
− G = −π

a
. (9.2)

In this case, k0 and k1 interfere to form a Bloch mode with a group velocity
of zero, since standing waves do not transport energy.

There have been several observations of Bloch modes in waveguides, e.g.
[26, 27], which can be explained in the same way. Their intriguing aspect (an
aspect that, in fact, applies to Bloch modes in general) is that they have a
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(a) (b) (c)

Fig. 9.5. Schematic illustration of the similarity between two-wave interference and
a Bloch mode. (a) Two plane waves propagating at an angle with respect to one
another generate a multilobed interference pattern. (b). This pattern can fit into
a suitable periodic structure (indicated by the white circles added for illustration
purposes). (c) Bloch mode in a real photonic crystal. This is for H-polarisation
(i.e. TE-like mode) near the K-point. The mode consists of an interference pattern
between different Bragg-scattered plane waves in order to fit into the structure, The
similarity between (b) and (c) is obvious

periodicity which is larger than the lattice. This apparently contradicts the
simple description used in Fig. 9.5, where the field distribution is periodic with
the lattice. How can this be understood?

It is again an analogy with an interference pattern that yields the answer.
In the examples above, a wavevector at the Brillouin zone boundary had been
chosen; in this case, the mode pattern really follows the lattice periodicity be-
cause the interfering waves are in phase. If we move away from the Brillouin
zone boundary, i.e. for k < π/a, the two interfering waves are no longer in
phase, but develop a beating pattern instead. This is illustrated in Fig. 9.6.
Here, a forward propagating plane wave (large amplitude in Fig. 9.6a) and
a Bragg-scattered wave (small amplitude in Fig. 9.6a) interfere and form the
beating pattern shown in Fig. 9.6b. This is remarkably similar to the equiva-
lent Bloch mode shown in Fig. 9.6c. Again, the basic physics of the apparently
very complicated Bloch mode propagation can be explained by two-beam in-
terference alone.

Based on this understanding of the nature of Bloch modes, one can recog-
nise several important consequences for wave propagation in periodic struc-
tures.

The group velocity of a Bloch mode is highly dependent on its propa-
gation direction. This is a simple consequence of the need for the wave to
acquire different spatial components in order to fit into the lattice. In some
directions, a plane wave may propagate through the structure almost unper-
turbed, whereas in other directions, it may form a complicated interference
pattern that, as a whole, only propagates slowly through the crystal. This
dependence of the Bloch mode’s group velocity on propagation direction and
wavelength is exploited in the superprism and supercollimator structures de-
scribed in Sect. 9.4.
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Fig. 9.6. Comparison of the interference between a forward and a Bragg-scattered
plane wave with the equivalent Bloch mode. (a) Field distribution of the forward and
backward propagating plane wave. The amplitude of the backward propagating wave
is reduced due to the lower coupling coefficient resulting from the phase mismatch
between the two waves. (b) Intensity pattern resulting from the interference between
the two waves. (c) Field distribution of the equivalent Bloch mode calculated via
the supercell method and taking all contributing plane waves into account. The
envelopes in (b) and (c) are identical and consist of six lobes

Considering the same phenomenon in a different way, one can see that the
group velocity of a Bloch mode can vary between zero and the speed of light
in the medium. This gives rise to opportunities for slow wave structures, e.g.
optical delay lines, optical buffers and such like, discussed in Sect. 9.5.

Since k depends intrinsically on the wavelength, Bloch modes can be very
dispersive, i.e. their propagation constant can change rapidly with wavelength.
This can also be used in applications such as dispersion compensation and
pulse compression that are highlighted in Sect. 9.6.

9.4 Superprism and Supercollimator

The wavelength dependence of the Bloch modes can be exploited in a wave-
length selective device, i.e. in a type of microspectrometer. Such a device is
known as a “superprism” [14–16], which is based on the strong dependence
of the propagation direction on the input wavelength near a band edge. Con-
versely, there are other regimes where the Bloch modes change very little
with either input direction or wavelength; these are known as “collimation”
regimes.

9.4.1 Superprism

Figure 9.7 illustrates the operation of a superprism. A multiwavelength input
beam (represented by the greyscale on the input arrow) is separated into its
wavelength components (different output arrows). The wavelengths on the
output side represent the values obtained experimentally [16], so an angular
separation of 10◦/20 nm (and better) can be obtained. While a wavelength
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Fig. 9.7. SEM micrograph of a superprism. The overlaid arrows are for illustrative
purposes only and correspond to the results obtained in [16]

resolution of 20 nm appears very low, e.g. compared to the separation of <1 nm
achieved in commercial arrayed waveguide gratings (AWGs), the advantage
here lies in the size: the entire device occupies only 10 × 10μm, as compared
to millimetres, or even centimetres, for typical AWGs.

The superprism operates near the band edge of the photonic crystal where
the effective index of the lattice changes rapidly with wavelength. As the
wavelength changes, the band becomes increasingly flat, so the group velocity
decreases. The propagation direction of a Bloch mode in a photonic lattice
is given by its group velocity (i.e. by its Poynting vector), which points in
the direction normal to the equifrequency contour, or νg = ∇κω(κ) [28].
Therefore, the superprism operates in a regime where the band has strong
curvature, e.g. close to a band edge, as illustrated in Fig. 9.8. The bandstruc-
ture (Fig. 9.8a) represents the crystal by showing the major symmetry axes,
whereas the wavevector diagram (Fig. 9.8b) represents the different crystallo-
graphic axes as they occur in real space, so they repeat every 60◦. In other
words, the wavevector diagram is obtained by “slicing” the bandstructure hor-
izontally, at a given frequency. The resulting lines on a wavevector diagram
are therefore called “equifrequency contours”.

The origin of the superprism phenomenon is the fact that the equifre-
quency contours can change dramatically with a change in frequency, as shown
in Fig. 9.8b [29]. In the example shown, the band becomes very flat for fre-
quencies higher than the operating point around a/λ = 0.248 and the equifre-
quency contour curves strongly (a/λ = 0.254 in (b)). For lower frequencies,
the band behaves almost like an isotropic medium (e.g. a/λ = 0.238 in (b)).
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Fig. 9.8. (a) Bandstructure and (b) wavevector diagram for a triangular lattice
of holes with 40% air fill-factor and a = 320 nm, realised in a GaAs/AlGaAs het-
erostructure (n ≈ 3.2)

This is also clear from the bandstructure: for the lower frequency, allowed
states exist in both Γ–M and Γ–K direction, so propagation irrespective of
direction is allowed; the magnitude of the wavevector in both Γ–M and Γ–K
is almost identical, hence the resulting equifrequency contour is almost a cir-
cle. For higher frequencies, a stopband opens up in Γ–M; the allowed states
therefore cluster around Γ–K, as seen by the small “island” that forms around
the K-point in Fig. 9.8b).

The angular dispersion is then obtained as follows. The input wave travels
in the unpatterned semiconductor waveguide, which is isotropic and therefore
represented by a circular surface (dotted line in Fig. 9.8b). At the interface,
the parallel wavevector is conserved, so all possible solutions have to lie on
the dashed line. The intersection with the equifrequency contour then deter-
mines the direction of the output wavevector. For a/λ = 0.238, the output is
almost collinear with the input wavevector and there is little change in the
propagation direction. For a/λ = 0.254, the shape of the dispersion surface
has changed dramatically, with a correspondingly large change in the output
direction.

The above description only serves to highlight the superprism effect (also
illustrated in Fig. 9.9) rather than trying to present a well-engineered device;
such a device requires further research. The dependence of the operation on
incident angle, for example, remains an issue, causing crosstalk [30]. A third
issue is the interface reflectivity, caused by inefficient excitation of the relevant
Bloch mode. All the three parameters need to be optimised, which suggests
that more than one type of lattice should be involved, in the same way as one
requires multiple equations to determine multiple parameters. Recent work
suggests that using gradual interfaces [31] or modified interface-holes [32] helps
to address the excitation problem, but more complex structures will need to
evolve in order to address the problem in its entirety.
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Fig. 9.9. Illustration of the superprism effect using FDTD simulation. The two key
points to note are the change of propagation direction with wavelength and the clear
signature of the Bloch modes in (c–e), i.e. the formation of an “envelope” described
in Sect. 9.3. (a) Outline of the PhC structure for FDTD simulation. (b–e) Field
distribution for H-mode (TE-like) at different wavelengths. Cases (b) and (c) are
identical, except that the Phc outline is shown in (b) for illustration. A Gaussian
beam with a width of 5μm is launched 2μm away from the input interface. The
propagation direction changes from −20◦ (c) to −10◦ (d) and then to 0◦ (e) when
the wavelength changes from 1260 to 1290 nm and 1350 nm

9.4.2 Supercollimator

As much as wavelength and/or input-angle dependent propagation may be
desirable for some applications, there are other cases where beams need to
be collimated in a circuit. For this purpose, we can use the fact that for
some operating points, the propagation direction of the Bloch mode changes
very little irrespective of input direction. The corresponding equifrequency
contour is very flat, as shown in Fig. 9.10. Such a regime is referred to as
the “supercollimator” [33] regime, or more recently also as “diffractionless”
propagation [34].

The next, apparently obvious, step is the combination of a superprism
and a supercollimator element to create a microspectrometer with good beam
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Fig. 9.10. Equifrequency contours at frequency 0.248 for the different incident
angles of 3◦, 7◦, 10◦ and −10◦. This graph clearly indicates that in the incident angle
range of ±10◦, the light in the PhC will propagate along Γ–K direction, irrespective
of input angle, representing the case of collimation

quality. This approach has a fundamental flaw; however, While the collimator
changes the direction of the Bloch mode, i.e. the Poynting or S-vector, it
does not change the k-vector distribution. This means that an input beam,
say with a ±10◦ angular distribution as in Fig. 9.10, may be redirected by
the collimator, but the different angular components (or different k-vectors)
that constitute the beam are conserved. Therefore, at the next interface, the
different k-vectors will behave as if the collimator had not been there. Unlike
a lens, the collimation effect only exists inside the particular photonic lattice,
but is lost outwith.

In order to create a good microspectrometer, we therefore need to design
a composite structure that advantageously combines the effects of both the
k- and the S-vector dispersions.

9.5 Slow Waves

The theory of relativity tells us about the fundamental upper limit of the
speed of light, i.e. 3 × 108 m s−1. Is there also a lower limit? Is there some
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fundamental lower boundary? Can light stand still? At first sight, the lower
boundary seems to be close to the upper one, as the speed of light in any
given medium is given by c/n, with c the speed of light in vacuum and n
the refractive index of the respective medium. In order for the speed to go to
zero, n would have to go to infinity. Considering that the highest refractive
indices of typical optical materials are around 4, this seems rather excessive.
Therefore, when people refer to “slow light”, they typically refer to a slow
group velocity, which is the speed at which the wave transports energy. In
contrast, the above expression c/n describes the phase velocity of light, which
is the speed at which the wave oscillates. Many types of waves may indeed
have very high phase velocities, i.e. they oscillate at or near the speed of
light, yet they may have very low group velocities and transport very little
energy. The simplest example for such a wave is a standing wave, generated
by two counterpropagating plane waves beating against one another. Such
a wave has zero group velocity. Therefore, in terms of group velocity, slow
speeds commonly occur, e.g. at the band edge of every Bragg mirror. The
lower boundary for the phase velocity of light is therefore c/n, as mentioned
above, but the lower boundary or the group velocity is indeed zero; light can
be made to stand still and oscillate in place.

Making use of slow waves in a controllable and useful fashion is an active
area of research; because increased light–matter interaction can be achieved
in this way. The interest in this area of research is justified by the fact that
strong light–matter interaction is otherwise difficult to achieve. This is because
typically, lightwaves do not interact. In an optical fibre, for example, many
different signals coexist without interacting a property that is widely exploited
in optical telecommunications. If, in contrast, one does want the lightwaves to
interact, e.g. for switching, optical logic or to extract gain from a material, this
virtue becomes a major hindrance. One then wants to extend the interaction
time between an optical pulse and the host material, e.g. to extract more gain
from a laser, or to accumulate a larger phase shift in an interferometer. Slow
light structures allow exactly that: increasing the light–matter interaction
time.

In order to better understand the nature of slow waves in photonic crystal
waveguides, we recently studied the mode propagation in these waveguides
with a phase-sensitive near-field scanning optical microscope (PS-NSOM) [35].
The PS-NSOM gives insight into the nature of the different modes propagating
in the waveguide. We observed a wide range of modes with different group
velocities exhibiting both positive and negative phase velocities as well as a
range of higher Bloch harmonics [27]. The most striking result, however, was
the direct observation of a very slow mode, traveling at about 1/1,000th of the
speed of light in vacuum (Fig. 9.11). This clearly demonstrates the opportunity
for slow wave structures based on photonic crystal waveguides. By selectively
exciting the slow mode (i.e. only the mode on the left of Fig. 9.11a, not the one
on the right) using a suitable injector, the incoming pulse could be delayed in
its entirety.
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Fig. 9.11. Ultraslow light in photonic crystal waveguides. (a) Direct observation of
pulse breakup in a W3 photonic crystal waveguide. The incoming 120 fs pulse couples
to both the fundamental, “fast”, mode (identified on the right of the picture) and a
very slow higher order mode (on the (left of the picture). The vertical lines indicate
the beginning and end of the photonic crystal section. (b) The type of waveguide
used in the experiment. NB: The waveguide is only shown for illustrative purposes;
as indicated by the scalebar, the structure used in (a) is eight times longer than the
one shown in (b)
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Fig. 9.12. Principle of slowdown via electromagnetically induced transparency using
a simple two-level atom as an example. (a) The absorption characteristics of the
original atom. (b) Absorption characteristics of bleached atom and (c) Resulting
refractive index distribution

A related but different approach, based on coupled cavities was recently
proposed [19]. Here, the signal is injected into a chain of cavities. The delay
occurs because the signal takes longer time to tunnel between the respec-
tive cavities than it would to propagate through a normal waveguide. The
chain of cavities is branched, so different signals can be “parked” in different
branches. By detuning the cavities placed at the entrance/exit points to these
branches, the light can be stored there at will – assuming that there is no loss
in the cavity chains. If this scheme could be demonstrated experimentally, it
would offer the possibility of real optical memory elements.

It is a useful exercise to compare these photonic crystal-based results to
the ones obtained by other means. The most effective way of generating slow
light, in fact, is via electromagnetically induced transparency (EIT). In simple
terms, EIT works by bleaching an atomic transition (Fig. 9.12). Consider a
simple two-level atom; its characteristic absorption centred at ω0 is shown in
Fig. 9.12a. By exposing the atom to an external laser beam centred at ω0, the
transition is saturated to the extent that it no longer absorbs at line centre and
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the double-peaked absorption characteristics shown in (b) is obtained. The
corresponding phase function, or refractive index distribution, is shown in (c).

Because the refractive index varies so rapidly around ω0, the group index,
which is given by the first derivative of the phase index, can be very high in-
deed. As a consequence, propagation speeds down to 17 m s−1 (c/18, 000, 000)
has been measured in ultracold atomic gases [36]. In solid-state materials,
which are ultimately more useful for practical applications, high slowdown
factors have also been observed now, e.g. down to c/31,000 [37]. How does
slow light in photonic crystals compare to this? Since the slowdown factors
are so much higher, should we not be pursuing the EIT approach instead?
The following table compares the two different approaches:

photonic crystals
EIT First-order mode in W1
quantum dots [37] (Fig. 9.3b)

slowdown factor 104–105 100
bandwidth GHz THz
tunability yes maybe
loss intrinsic absorption roughness scattering
power requirement medium (nonlinear optics) low (linear optics)
oper. wavelength determined by absorption solely determined by design

line

Several observations can be made:

– Although the EIT approach allows larger slowdown factors, its bandwidth
is considerably lower. This is a critical limitation if one were to use this
effect to slow down real data streams that may have a bandwidth of tens
of Gbit s−1. Such bandwidths could not “fit” spectrally into an EIT-based
delay line.

– EIT allows tuning of the slowdown factor by changing the power on the
pumping laser. Although this is a useful tuning mechanism, it requires
moderately high powers. The effect in the photonic crystal waveguide, in
contrast, is entirely linear.

– Losses and operation wavelength in EIT are determined by the nature of
the absorption line. In photonic crystals, there are no intrinsic losses, i.e.
the effect is entirely dielectric,4 and the wavelength can be determined
freely.

The above discussion shows that photonic crystals offer several advantages.
Once the effect is better understood, also in terms of the ability to tune it,
photonic crystal based optical delay lines, buffers and possibly even memory
elements may become a real possibility.
4 Although roughness scattering does occur
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9.6 Dispersion Compensation

When light passes through a waveguiding material, it inevitably experiences
the fact that the material response varies with the wavelength of the exci-
tation – the well-known effect of dispersion, or chromatic dispersion, to be
more specific. Chromatic dispersion causes multichromatic signals to drift
apart and short pulses to be separated into their spectral components. It also
limits processes such as parametric wavelength conversion and second har-
monic generation that require a fixed phase relationship between signals of
different wavelength. Dispersion therefore tends to be an undesirable process.
Furthermore, the dispersion of any given material is difficult to adjust, as it
depends on its intrinsic electronic properties. As a result, a lot of research
has been conducted on materials that exhibit low dispersion, at least over
a given wavelength range of interest, in order to minimise the “damage” in-
curred by the dispersive process. Why, therefore, should we be interested in
studying structures such as photonic crystals that can exhibit particularly
strong dispersion?

The answer is obvious. If the material choice is imposed by some other
constraint, such as transparency window, refractive index or availability of
gain or nonlinearities, one needs to introduce some other mechanism to control
the dispersion. Photonic crystals offer this mechanism, because their response
can be adjusted almost independently of any other material parameter, as
long as the required refractive index contrast can be achieved. To illustrate,
photonic crystal fibres offer dispersion control over a wide range of applications
such as endlessly single mode operation or supercontinuum generation [38].

What levels of dispersion can be achieved with photonic crystals? The high
dispersion arises from the fact that the properties of the Bloch modes may
be highly frequency dependent, as already illustrated by the superprism. In
bandstructure terms, this dispersion is described by the curvature of a given
band, and referred to as the group velocity dispersion (GVD). The GVD is
given by the second derivative of the bandstructure diagram at a given point,

GVD =
2πc

λ2

(
d2k

dω2

)
(9.3)

and expressed in units of ps nm−1 km−1. Optical fibres operate in the range of
0–100 ps nm−1 km−1 and semiconductor waveguides up to 103 ps nm−1 km−1

(e.g. Si [39]). The highest experimentally demonstrated value in photonic crys-
tal waveguides reported thus far is 107 ps nm−1 km−1 (Fig. 9.13) [17], although
values as high as 4× 108 ps nm−1 km−1) have already been predicted numeri-
cally [18]. Considering a typical interaction length of 1 mm in photonic crystal
waveguides, which appears reasonable in view of the recently reported losses
of 7 dB cm−1 [8], the latter value would correspond to 400 ps nm−1. Values of
this order of magnitude compare well with competing technologies, such as
planar waveguide-based ring-resonators (±1,000 ps nm−1) [40] or fibre Bragg
gratings.
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Fig. 9.13. Illustration of pulse compression in a photonic crystal waveguide [17].
A chirped pulse, represented by the greyscale, enters the very dispersive waveguide
and, by selectively delaying the wavelength components with respect to one another,
is recompressed

How much dispersion compensation is needed, however? A typical fibre
span of 50 km at 20 ps nm−1 km−1 accumulates 1,000 ps nm−1. At 10 Gbit s−1,
electronic techniques can compensate for dispersion of this magnitude due to
recent advances in digital signal processing techniques [41]. Since the impact
of dispersion scales with the bit rate squared, however, optical techniques of-
fer clear advantages once systems move to 40 Gbit s−1 and beyond. Photonic
crystals are a possible contender here as they offer true on-chip dispersion
compensation. Due to their small size, the latency between channels is also
minimised, which means that the dispersion compensation element causes
minimal time delay between a compensated and an uncompensated channel.
Overall, while a lot of research needs to be done before photonic crystal disper-
sion compensating elements can be considered for real systems, the promise
is clearly there.

9.7 Photonic Crystal Cavities

The strong confinement offered by the photonic bandgap leads to some of
the most compelling applications for photonic crystals: the realisation of high
Q cavities. The fact that light can be confined in a very small space with
very high spectral purity (i.e. narrow spectral linewidth or high Q) allows
one to realise the original goal of photonic bandgap research: the control of
spontaneous emission.

9.7.1 Purcell Effect and Strong Coupling

The equation governing the interaction between an emitter and a cavity was
first proposed by Purcell [42] in 1946, and applies when the linewidth of
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Fig. 9.14. Purcell effect and strong coupling in photonic crystal microcavities. The
atomic emitter transfers energy to the cavity with a characteristic lifetime τ1, which
is then transferred to the outside world at the cavity photon lifetime τ2. Typical
lifetimes are nanoseconds for τ1 and femtoseconds for τ2 (a few optical cycles for
low Q cavities), so there is no interaction. If Q/V goes up, τ1 decreases due to the
Purcell effect and τ2 increases due to the longer photon lifetime in a high Q cavity.
Once the two are approximately equal, they interact strongly (“strong coupling”)
and start to exchange energy (“Rabi oscillations”)

the emitter is equal or narrower than that of the cavity, and the two are
in resonance

FP =
3

4π2

Q

V/λ3
m

, (9.4)

where FP stands for the Purcell factor and λm is the effective wavelength
in the medium, so V/λ3

m can be understood as the normalised volume of
the cavity in multiples of the wavelength. The dominant factor is therefore
Q/V ; the smaller the real and the spectral space over which the emitter and
the cavity interact, the stronger the effect. The factor FP then describes the
change in decay rate over an emitter in “free space”. Please note that FP

can be either smaller or larger than unity, so the cavity may both suppress
or enhance the emission. Large Purcell factors in excess of 100 or even 1,000
can be achieved in photonic crystals [43,44], so the radiative lifetime may be
shortened by several orders of magnitude. In fact, photonic crystals offer the
highest Q/V factor of any known type of cavity. Once the Purcell factor is
large enough for the radiative lifetime of the emitter to approach that of the
photon lifetime in the cavity, the two may interact and the system enters the
“strong coupling” regime. This regime can be understood as a system of two
coupled oscillators that exchange energy at the characteristic Rabi frequency,
which is determined by the coupling coefficient between the two. Figure 9.14
schematically describes the different regimes.

9.7.2 High Q Cavities in 2D Photonic Crystals

How is it possible to achieve these high Q-factors in what appears to be
an “open” cavity? Do we not need full 3D confinement? The answer lies in
balancing the two effects of Bragg reflection by the photonic crystal, and total
internal reflection by the semiconductor slab (Fig. 9.15). The key is cavity
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(a)

(b)

Low Q cavity

High Q cavity

Fig. 9.15. Realisation of high Q cavities in planar photonic crystals. (a) If the
emission pattern of the cavity (indicated by the circle) has out-of-plane components
that lie outwith the total internal regime (i.e. above the light line), radiation gener-
ated by an emitter can escape and the cavity Q is low. (b) If the emission pattern
(indicated by the dipole shape) lies below the light line, the radiation is contained
inside the cavity by total internal reflection and subject to the full Bragg reflection
of the photonic crystal mirrors

emission pattern: By creating a cavity mode with an emission pattern that
has no component normal to the slab, all the emission are contained in the
device by total internal reflection and thereby subject to the full strength of
the Bragg reflection of the 2D lattice (Fig. 9.15). Such an emission pattern can
be created by k-space or Fourier space engineering of the cavity mode [45],
a method that has demonstrated good agreement with recent experimental
results [43, 44]. An alternative explanation that may be even more powerful
is based on impedance matching and slow wave effects [46]. Either method
helps the understanding of how very high Q factors can be obtained with
photonic crystal microcavities, but the difference between low and high Q
cavity designs is very subtle, thereby emphasising the requirement of high
fabrication accuracy.

9.8 Conclusions

The uniqueness of photonic crystals derives from two basic properties: Bloch
modes and confinement. The Bloch modes lead to the dispersive phenomena,
such as superprism, pulse compression and slow light, whereas the confinement
allows us to create tiny waveguides and cavities with amazing Q/V values.

Of the two properties, the Bloch modes have so far been less successfully
exploited. This is in part to do with the fact that their rich behaviour is
more difficult to understand. With improved understanding, and the further
technological advances demonstrated by the recently demonstrated low propa-
gation losses, the realisation of devices such as microspectrometers, dispersion
compensators and slow light elements leading to optical buffers and possibly
even optical memories appears in reach. Furthermore, the dispersion control
allows phase matching for parametric nonlinear applications. If such phase
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matching can be achieved with tolerable losses on the required length scale,5

novel nonlinear devices will appear.
Another point to make about photonic crystals is that their function is de-

termined by their shape, rather than some intrinsic material property. There-
fore, a desired property can, in principle, be obtained for any given wavelength
due to the scalability of electromagnetic waves. This advantage becomes clear
when looking at properties such as chromatic dispersion, which is intrinsic to a
given material. Photonic crystals can override this intrinsic material property
and enable the creation of flat, negative or positive dispersion slopes at any de-
sired wavelength, as already demonstrated in photonic crystal fibres [38]. The
same applies to slow light: Whereas the EIT-based generation of slow light
is intrinsically fixed by the absorption line of the chosen system, photonic
crystals allow one to create slow light at any desired wavelength.

Although the above description has described many applications of 2D
photonic crystals, ranging from the “optical insulator” phenomenon to real
control of the spontaneous emission process in high Q cavities, it would be
wrong to assume that there is no need for 3D photonic crystals. 3D crys-
tals offer additional unique properties: They allow the control of spontaneous
emission over a broad bandwidth, i.e. not just in high Q cavities. Furthermore,
as far as waveguide applications are concerned, they offer the opportunity of
exploiting the entire range of available k-vectors, i.e. not just those that lie
below the light line. This would open up a much wider operating range and
remove the light line limitation.
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On Chip Optical Waveguide Interconnect:
The Problem of the In/Out Coupling

R. Orobtchouk

Summary. This chapter is intended to give a description of different optical cou-
plers used for the injection of light in a silicon waveguide. It starts with an introduc-
tory part, which provides a general overview of the coupling problem. The next four
parts present the theory of the different couplers that use a butt coupling method
like the 3D taper, the tips taper and the guide to guide coupler. The last three parts
are devoted to the transverse coupling techniques which are the grating and the
prism couplers.

10.1 Introduction

An optical system on chip is constituted by several basic integrated optics
elements. The first element is the light source provided with a modulator which
can be internal or external so as to transform an electric signal into an optical
signal. This source can be either integrated into the device or external. In the
case of an external source, the light will be injected into the optical system on
chip through an optical coupler. The second element is the waveguide which
transports the optical signal in the circuit. Splitters and bends are used to
distribute the signal at N points of the circuit. The optical signal in these N
points is converted to an electric signal by an integrated photodetector.

The silicon is a material of choice to develop this kind of optical system
on chip because it is widely used in the industry of the microelectronics. We
can benefit from the maturity of the manufacturing technology of CMOS
integrated circuits for a massive production of low-cost optical circuits. The
hybridization of CMOS integrated circuits (IC) with optical components is
possible and can occur at various levels.

The first approach consists in making the optical components at the same
level of the CMOS IC: the front end approach. The material used to develop
this approach is the Silicon-on-Insulator (SOI) [1–3]. SOI substrate is made of
a thin silicon top layer separated from the silicon substrate by a buried oxide
layer. According to the transparency of these layers in the near infrared range
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(λ = 1.2–1.7 μm) and to the large refractive index difference between silicon
(n = 3.5) and SiO2 (n = 1.45), light can be guided in the thin silicon top
layer. The strong refractive index contrast between the core and the cladding
material of the waveguide allows the realization of very compact components.
Waveguides cross-section have sizes lower than a micrometer.

The second approach, also called the above IC approach, consists in realiz-
ing the optical circuits above the electronic circuits. A first possibility consists
in realizing the optical components in dielectrics (doped silica [4,5], silicon ni-
tride [6–8] or silicon oxynitride on oxide [8, 9]), or polymers [10,11] materials
which are deposited above the electronic components. The second possibility
consists in separating the manufacturing of the electrical and optical circuits.
The optical devices are made on a separate wafer and this optical plate is put
together on the CMOS IC by a flip chip or wafer bonding process. In that
case, all the materials previously mentioned are useful and also polycrystalline
silicon material [12] can be used.

The main drawback of silicon is that we cannot integrate a light source
favoring a solution using an external light source. It raises the problem of the
external coupling of this source with the main optical element of the optical
system on chip: the waveguide.

Dielectrics or polymer waveguides have a weak refractive index difference
between the cladding and the core layers that leads to cross-sections of the
waveguide in a range of 1–10μm. These sizes are comparable to those of a
standard optical fiber or a tapered fiber and in that case the coupling does
not raise dry problem.

On the other hand in the case of silicon waveguides, the strong contrast
between the refractive index of the silicon and the silicon oxide layers imposes
sizes of waveguides lower than a micrometer. In that case the coupling of
the light in such a waveguide is a hard problem. This chapter is dedicated to
the description of the different couplers used between an optical fiber and a
silicon photonics device.

10.2 Coupling Efficiency

The butt coupling method is the most attractive solution of an industrial
point of view because we can benefit from its maturity and from the wide
development in the field of the optical telecommunications.

For this kind of device, the coupling efficiency is given by the overlapping
integral:

η = ηF

∣∣∣∫ Efiber (x, y) E∗
waveguide(x, y)dS

∣∣∣2∫ |Efiber (x, y)|2 dS
∫ |Ewaveguide (x, y)|2 dS

, (10.1)

where Efiber and Ewaveguide are the transverse modal component of the fiber
and waveguide electric fields. ηF is the transmission coefficient of the waveguide
facet for a normal incident beam.
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In the case of a normal incident beam between two mediums, the trans-
mission coefficient is given by:

ηF =
4nincn0

(ninc + n0)
2 , (10.2)

where ninc and n0 are, respectively, the refractive index of the incident mate-
rial and effective index of the waveguide mode.

In most part of the applications, the used waveguide has to be monomode.
In that case, the guided mode and the optical fiber beam can be approxi-
mated by gaussian beams. With this approximation, an analytical expression
of (10.1) is obtained [13]. This analytical expression gives the tolerance align-
ments in the case of a beam waist variation, a defocusing effect, a lateral shift,
and an angular detuning between the incident optical fiber and the waveguide.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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(10.3)

where winc and w0 are, respectively, the waists of the fiber incident beam and
of the waveguide. Δz, Δx, and Δθ are, respectively, the defocusing distance,
the lateral shift, and the angular detuning between the optical fiber and the
waveguide.

Figure 10.1 shows the different effects involving a decrease in the coupling
efficiency. By using (10.3) in the case of a beam waist variation, we see that
when we place end to end a single mode fiber of 5.6μm beam waist radius
and a silicon waveguide of 0.16μm mode radius, the efficiency of coupling is
at most 0.3%, if we neglect the Fresnel reflection loss at the waveguide facet.

A solution is to use a tapered fiber or a focus lens. In that case, the
diffraction limit imposes that the minimum radius of the incident beam is
about 1μm. The efficiency of coupling is at most 10%.

A solution of the problem of coupling is to integrate spot-size-converter at
the input and the output facets of the waveguide to have the same beam waist
radius. The tolerance alignments for a loss at 1 dB are reported in Table 10.1.

Current fiber attach technique where developed [14–19]. These techniques
use selective etching of the silicon with V or U grooves which allow a good
positioning of the fiber with the input waveguide. The achievable accuracy of
the passive alignment technique is typically of ± 0.5μm and do not involve a
loss greater than 1 dB according with Table 10.1.
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(b) Defocusing

W0W inc

Dz

Dx Dq

(a) Width variation

(c) Lateral shift (d) Angular detuning

Fig. 10.1. Different configurations involving a decrease in the coupling efficiency
(a) different widths, (b) defocusing effect, (c) lateral shift, and (d) angular detuning

Table 10.1. Tolerance alignments for a loss at 1 dB, respectively, for beam waist
radius of 5.6 and 1 μm

beam waist radius defocusing lateral shift
angular detuning
(deg)

5.6μm ± 33μm ± 2.7μm ± 2.4
1.0μm ± 1.1μm ± 0.48μm ± 13.6

The simplest spot size converter that can be used to expand the waveguide
width of the silicon waveguide is a lateral taper. In this case, the problem of
the overlapping of the modes in the vertical direction still remains. To obtain
a further improvement in coupling, it is necessary to increase the height to
the silicon waveguide. These kinds of devices are called 3D tapers.

10.3 3D Taper

These devices were developed for applications in the optical telecommunica-
tions on III–V substrate to solve the problem of the coupling of light between
a DFB laser source and an optical fiber. A state of the art of the main real-
izations on III–V substrate was made in the paper [20].

The simulation tools used for the design the 3D tapers are the mode
solvers and propagative methods as the beam propagation method (BPM), the
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method of lines (MOL), the finite difference time domain method (FDTD),
and the mode matching method.

Mode solvers are essentially used to find the propagation constant of guided
modes in longitudinally invariant waveguides. The knowledge of the propaga-
tion constant and the optical field distributions of the different modes that
are supported by the waveguide is essential to display the coupling efficiency
between two waveguides.

A review of the different methods used to develop a mode solver is made
by Vassallo [21]. The different methods can be classified in two categories:
the global methods and the transverse resonant methods. Global methods
include mainly finite element methods, finite difference methods. The most
used transverse resonant methods are: the effective index method, the spec-
tral index method, the method of lines, and the modal transverse resonance
method.

We can notice that the effective index method is the only method that is
not a full vectorial method. This method is very useful in case we want to sim-
plify a 3D problem and to come down to a 2D problem when the propagative
methods are much more consuming in time and memories. The propaga-
tive methods which are mentioned have been described in Scarmozzino’s
review [22]. A comparison between different propagative schemes for the sim-
ulation of 2D taper is realized by Haes et al. [23]. 3D simulations using the
spectral index [24], the beam propagation [25,26], and the FDTD [27] methods
are reported in the literature.

The most powerful method to simulate the propagation of an optical
field through an arbitrary waveguide is the mode matching method. In this
method, the waveguide is approximated by a stack of longitudinally invariant
waveguide section as depict in Fig. 10.2.

Any field in a cross-section of an optical waveguide is written as a sum
of the modes of the invariant longitudinal waveguide. This sum includes
the guided modes and the radiation modes. The propagation of each mode
through the section is described by a phase factor that gives an elementary

L

W

Fig. 10.2. Concatenation of the taper in the longitudinal direction. Any field
in a cross-section is written as a sum of the modes of the invariant longitudinal
waveguide. These modes are called the normal local modes
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matrix describing the propagation of the backward and forward modes in the
waveguide. At the end of a section, these modes all couple to the modes of
the next section. By using the properties of the continuity of the trans-
verse components of electric fields and its first derivation, we obtain a matrix
describing the passage between two neighboring waveguides. We can so con-
nect the field at the beginning of the taper to the field at the end of the
taper by a product of all these matrices. Also the power reflected back into
the modes of the preceding section is taken into account, making the mode
matching technique a bidirectional algorithm. The concept of the local normal
modes was first introduced by Louisell and described in detail by Burns [28].

It allows to define an adiabaticity criteria for the length and profile op-
timizations of the taper [29, 30]. This method is available in the commercial
software FIMMPROP [31].

The commonly used adiabatic condition is derived from the physical ar-
gument that the local taper length-scale (W/(dW/dz)) must be much larger
than the beat length (Lb) between the fundamental mode (with propagation
constant β1) and the dominant coupling mode (with propagation constant β2)
for power loss to be small [29].

The beat length between the modes is given by

Lb =
2π

β1 − β2
. (10.4)

The adiabatic condition is given by

W/
dW

dz

 Lb. (10.5)

It is more useful to define the local angle taper (Ω = (dW/W )). Then,
from (12.4), we find that the local angle taper must satisfy:

Ω〈〈W

Lb
. (10.6)

We can notice that the beat length will vary with the waveguide width.
We see from (10.6) that the limit on the taper angle will change along the
longitudinal distance, resulting in a taper with nonlinear profile. The design
of a linear taper imposes that the constant angle taper must be less than the
lowest local angle taper.

A schematic view of the 3D tapers that achieves low loss coupling to
single mode fiber is given in Fig. 10.3. The two mains solutions developed for
the silicon photonic are the pseudovertical taper (Fig. 10.3a) and the gradual
horizontal and vertical taper (Fig. 10.3b). The first solution can be realized
with a standard lithography process contrary to the second solution where a
gray scale lithography step is needed.

The principal realizations of this kind of taper are described in papers
[18,32,33]. Losses of 0.5 dB for a pseudovertical taper from a 12μm by 12μm
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(a) (b)

Fig. 10.3. Schematic view of the 3D taper made on SOI waveguide with low loss
coupling to single mode fiber, (a) pseudovertical taper and (b) gradual horizontal
and vertical taper

input to 4μm by 5μm waveguides have been demonstrated [32]. The problem
of this kind of taper is that the taper length is about 1 or 2 mm, resulting
in a noncompact device. It can be used only for the realization of a discrete
circuit.

10.4 Tips Taper

Other solution to realize an efficient coupling is to use an inverse taper called
tips taper. A schematic view of the tips taper is given in Fig. 10.4a. We have
reported the evolution of the mode profile for a quadratic tips taper.

At the input of the device, the cross-section of the waveguide is very weak
and it is gradually increased up to the size of the waveguide used for the
optical signal transport. Because of the small waveguide cross-section, the
mode is less confined in the core layer and the mode effective index tends to
the value of the cladding material refractive. In these conditions, the coupling
efficiency is increased because the good overlapping between the incident beam
of the optical fiber and the waveguide mode, and the reflectivity of the facet
is decreased. The cross-section of the waveguide is then gradually widened, so
that the mode is more and more confined in the core layer.

The design of such a coupler involves first the knowledge of the input
cross-section in such way to obtain the same mode profile as the optical fiber
beam.

Figure 10.5 shows the mode profile of a strip silicon waveguide of, respec-
tively, 0.14 and 0.3μm2. Calculation is performed at λ = 1.55μm with a
full vectorial finite difference method [34]. Symmetric and transparent [35]
boundaries conditions are added to reduce the calculation time.

The mode radius of the lower strip silicon waveguide is closed to that of
a standard optical fiber and then a high coupling efficiency can be achieved.
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Fig. 10.4. (a) Schematic view of a tips taper, (b) Evolution of the mode profile
in the tips taper. At the input of the device, the cross-section of the waveguide is
very weak and the mode is near the cut of condition. The effective index value of
the mode is closed to the value of the refractive index of the cladding material and
the mode profile is enlarged
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Fig. 10.5. Major part of the transverse magnetic field of a strip silicon waveguide
modes. The cross-section is about 0.14 μm2 (a) and 0.3μm2 (b)

The 0.3μm2 cross-section of the waveguide at the end of the taper is neces-
sary to preserve a monomode condition of propagation. Because of the weak
difference of the two cross-sections, the taper length is very short (≈50μm).

A 3D FDTD modeling of this taper have been made by Vivien [36], result-
ing on a coupling losses lower than 0.2 dB (coupling efficiency of 95%) and an
alignment tolerance larger than 4μm at ±1 dB.

Almeida et al. [37] have measured a coupling efficiency of 12% for a 40μm
long Si nanotaper in a SiO2 cladding. The cross-section at the beginning
and the end of the tips are, respectively, of 0.12μm by 0.22μm and 0.45μm
by 0.22μm. The coupling efficiency is increased up to 40% by Shoji et al.
[38] by using a nanotaper with a polymer cladding waveguide. Because of
the thickness of the buried silicon oxide of the SOI material of 2μm and
the presence of the silicon substrate, the guided mode becomes asymmetric
and the overlapping with incident beam is reduced. The role of this cladding
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waveguide is to reduce the asymmetry of the guided mode in the presence of
the silicon substrate.

10.5 Guide to Guide Coupler

Another way to transfer light in a waveguide is to use a guide to guide cou-
pling effect. This effect occurs when two waveguides are closed to each other.
On Fig. 10.6, we have reported the evolution of the mode profile along the
propagation direction for a structure composed by two twin waveguides. We
can observe a mode beating. The light passes gradually from a waveguide to
the other one and conversely. The well-known coupled mode theory gives a
complete explanation of the guide to guide coupling effect [30, 39, 40]. This
effect is illustrated in Fig. 10.7.

At the beginning of the coupling region, the incoming mode excites equally
the two normal modes of the twin waveguides structure. The two normal

0
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Fig. 10.6. Evolution of the mode profile when two identical waveguides are closed
to each other

L  = l /(2*(neff(even)-neff(odd)))

Fig. 10.7. Basic concept of the guide to guide effect. The incoming mode excites
equally the even and odd modes of the twin waveguides. These two modes propagate
with different phase velocities until the end of the coupling region. A total transfer
of the light occurs only when the phase shift between the two modes is equal to π.
In this case all the light is in the silicon waveguide
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modes are the even and odd modes composed by a superposition of the
amplitudes of the two fundamental modes of the unperturbed waveguides.
All of the light power is on the low refractive index waveguide. They propa-
gate with different phase velocities until the end of the coupling region. Their
superposition at the output determines the power of light that is transferred
to the outgoing mode in the silicon waveguide. A total transfer of the light
occurs only when the phase shift between the two modes is equal to π. In this
case, the electromagnetic field in the structure is given by the subtraction of
the even and odd modes. All of the light power is in the silicon waveguide.
The length required for a total transfer of light is given by:

L =
λ

2(neffeven−neffodd)
. (10.7)

As the two waveguides have not the same geometries and refractive index, a
strong coupling effect occurs only if the two waveguides have the same effective
index.

In the case of two different waveguides, the coupling effect decrease rapidly
and the coupling efficiency is not total. For a nonidentical waveguide a com-
plete transfer of the light occurs only when the phase matching condition
is verified. This means that the two unperturbed waveguides have the same
propagation constants.

A way of obtaining this phase matched condition is to draw the diagram
representing the evolution of the propagation constants of the modes in both
waveguides versus the width of one of the guides. The anticrossing point gives
the correct value of the waveguide width that is needed to obtain a complete
transfer of light between the two waveguides. This effect can be used to obtain
a strong coupling efficiency between an optical fiber and a submicronic silicon
waveguide.

The basic concept of the guide to guide coupler is illustrated in Fig. 10.8.
The light from the fiber is first injected in a polymer or dielectric waveguide

I II

L

III

Fig. 10.8. Schematic view of a guide to guide coupler. The light is first injected
in a dielectric waveguide with a low refractive index contrast between the core and
the cladding. The size of the guided modes is closed to the size of the tapered fiber
mode, that is given an high coupling efficiency. The light is transferred in the silicon
waveguide using a guide to guide effect
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on top of an SOI wafer. As the refractive index difference between the core
and the cladding layer of the waveguide is smaller than the SOI waveguide,
the mode is wider and then the overlapping with the beam of the fiber is
increased. Light is transferred to the submicronic silicon waveguide by a guide
to guide coupling effect. The design of the coupler involves the knowledge of
the cross-section of the two waveguide.

The first condition to satisfy is that the low refractive index waveguide
must have a good overlapping with the beam of the fiber. A waveguide of
2μm2 cross-section (ncore = 1.6) is compatible with a commercial tapered
fiber. In order to have the correct geometry of the silicon waveguide, we plot
the diagram giving the effective index of the twin waveguides modes versus
the size of the silicon waveguide. This diagram is shown in Fig. 10.9.

A strong coupling effect occurs at the anticrossing point of this diagram.
This gives the correct value of the silicon waveguide cross section (0.23μm2).
According to (10.9), the difference between the two effective indexes at the
anticrossing point gives the value of the coupling length needed for a total
transfer of light in the submicronic silicon waveguide.

A straight line on a logarithmic scale is obtained for the plot of the cou-
pling length versus the spacing length between the two waveguides. A linear
regression gives a simple relation:

L = 10Cx+D, (10.8)

where x stands for the spacing between the two waveguides and C and D are,
respectively, equal to 1.0418 and 1.0067. A spacing length of 0.5μm gives a
coupling length of 21μm. This result leads to a compact spot size converter.

When it is not possible to have the same propagation constant for the
modes in the two waveguides, a total transfer of light can occur only by adding
a grating between the two waveguides. This grating coupler is described in
Sect. 10.6.
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Fig. 10.9. Diagram of the twin waveguides effective index versus the size of the
silicon waveguide
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Fig. 10.10. Schematic view of the grating coupler

10.6 Grating Coupler

The grating coupler is illustrated in Fig. 10.10. It is constituted by elementary
patterns distributed periodically on the surface of the waveguide in whom we
want to inject the light of an incident beam.

The basic principle of the grating coupler can be simply understood by
considering the fact that it consists of elementary patterns of size lower than
the wavelength of the incident beam.

An elementary pattern diffracts the incident light in all the directions of
space. For a grating coupler, the elementary patterns are distributed regularly
on the surface of a material, which involves that all these patterns will dif-
fract the light. As the optical paths of the diffracted beams are not identical,
owing to the fact that the patterns are not localized at the same place, these
beams will give rise to interferences which, in most cases, are destructive. The
diffracted beams exist only in the case of constructive interferences and their
directions of propagation are given by the Bragg relation:

k0n sinθj = k0n1sinθi ± j
2π

Λ
, (10.9)

where k0 represents the wave vector in vacuum, n and n1, respectively, rep-
resents the refractive indexes of the incident and diffracted mediums, θi and
θj the angles of the incident and diffracted beams in the order j and Λ the
grating period.

For a particular value of the incidence angle, the diffracted beam (n sin θj)
corresponds to the effective index of the guided mode (neff). Under these
conditions a part of the power of the incident beam is transferred to the
guided mode.

The first stage of optimization of the grating couplers consists in choosing
the grating period such that it exits only the reflected and transmitted beams
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in the specular direction in the air (diffraction order 0) and the diffracted beam
in the +1 or −1 diffraction order corresponding to the guided mode coupling,
respectively, in a forward or backward direction in the waveguide. The fact
of reducing the number of diffracted beams in the air makes it possible to
increase the amount of power which will be transferred in the waveguide.

An approximate value of the grating period can be simply obtained by cal-
culating the effective index of the guided mode of the nonperturbed structure
and by applying the Bragg relation. If the Bragg relation makes it possible to
explain qualitatively the coupling of light in a waveguide assisted by a grating,
it does not give the coupling efficiency. This one will depend on other para-
meters which are: the modulation depth of the grating hg and the thicknesses
of the dielectric multilayer stack which constitute the waveguide. These para-
meters should also be determined to obtain an optimum value of the coupling
efficiency.

To calculate these parameters, rigorous methods are available in literature:
integral method [41], differential method [42,43], modified coordinate [44,45],
rigorous coupled wave analysis (RCWA) method [46,47].

The RCWA method seems to be the more useful method for the case
of a rectangular dielectric grating. Some improvements of the method are to
overcome numerical problems occurring for calculations with the TM polarisa-
tion [48–51] and to the hill conditioning of the matrix caused by the increases
of an exponential term produced by the propagation of the high order diffrac-
tive waves in a layer [52, 53]. These methods give the diffraction efficiency in
reflection and transmission of the planar stack layer structure with an infinite
diffraction grating.

An example of calculation is given in Fig. 10.11. It corresponds to the
plot of the diffraction efficiency in reflection and transmission in the specular
direction (0 diffraction order) and the power of the guided modes versus the
incident angle.

One can observe on this figure a sharp variation of the reflectivity and
transmission. These variations are known as Wood anomalies [54]. The origins
of these anomalies are explained by the presence of the guided mode [55, 56]
and then the reflectivity and transmission in amplitude can be approximated
by (10.10):

f(kz) = f0
(kz−kz,z)
(kz−kz,p)

, (10.10)

where kz,p, kz,z, and f0 are, respectively, the complex pole equal to the prop-
agation constant of the guided mode, a complex zero and f0 is the reflection
or the transmission coefficient in amplitude off resonance.

We can notice that the curve giving the evolution of the guided mode power
versus the incident angle has a lorentzian shape. The position of maximum of
lorentzian gives the coupling angle of the guided mode. It is connected to the
real part of the complex pole as:

Re(kz,p) = k0n1sinθi. (10.11)
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Fig. 10.11. Evolution of the diffraction efficiency in transmission T0 and in re-
flection R0, as well as the module of the electromagnetic field of the guided mode
corresponding to the diffraction order −1 (Pg) according to the incidence angle. The
resonance angle is equal to 9.1◦ and the half-width of the lorentzian (Δθ) represent-
ing the variation of the module of the electromagnetic field of the guided mode is
equal to 1.6◦ Ld = 7.3μm

The half-width at the maximum of the resonance (Δθ) is connected to the
imaginary part of the complex pole by the formula:

Im(kz,p) = k0n1cosθiΔθ. (10.12)

The complex pole can be obtained if we considered an output grating
coupler as shown in Fig. 10.12. We have reported in Fig. 10.12, the spatial
evolution of the guided power through a waveguide with an input and output
grating coupler. Light injected by the input grating is propagated on the
waveguide with some losses and is arrived on the output grating. As the guided
mode become leaky, the guided power decrease exponentially. The decreasing
length at 1/eLd is the parameter of the outcoupling effect.

The imaginary part of the guided mode propagation constant is linked to
Ld as:

Ld =
1

2Im(kz,p)
. (10.13)

Ld has also an influence on the coupling. When the phase matching condition
is satisfied, light is injected into the waveguide. The guided power is growing
as the amplitude of the incident gaussian beam increase. In addition, because
of the presence of the grating, the guided mode is leaky and a part of the
light which propagates in the guide has the possibility to run away in the air.
The result is a delay of the maximum value of the guided power compared to
the maximum value of the incident beam. After this value, the guided power
decreases because the amplitude of the incident beam decreases.
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Fig. 10.12. Coupling mechanism of an input and output prism coupler and spatial
evolution of the guided power

The theoretical method used to study the coupling phenomenon of an
incident beam of a gaussian shape in a waveguide assisted by a grating is
based on the plane wave decomposition as reported by several authors [56–58].

In this model, we consider that the grating is infinite and the determi-
nation of the coupling efficiency of coupling requires the calculation of the
guided mode profile in the multilayer stack at the coupling angle besides the
parameters of the grating coupler and of the beam that are, respectively, the
decoupling length and the waist radius.

For an incident gaussian beam, it can be shown [58, 59] that an opti-
mum coupling efficiency of 80% can be achieved when the two conditions are
satisfied: {

w0 = 1.368Ldcosθi

Ldzc = 1 (10.14)

where w0, θi, Ld and zc are, respectively, the waist radius of incident gaussian
beam, the incident angle, the decoupling length of the grating, and the position
of the incident beam compared to beginning of the unperturbed waveguide.

The limitation of the maximum coupling efficiency value is explained by
the overlapping of the exponential shape of the output beam compared to the
gaussian beam shape of the incident beam.

In the case of a gaussian beam resulting from a single mode optical fiber
(w0 = 5.6μm), (10.14) gives the value of the decoupling length (Ld = 7.8μm)
to have a maximum coupling efficiency.

In Fig. 10.13, we have reported the evolution of the decoupling length
versus the depth of the grating. The shape of this curve has been explained
by Tamir and Peng [59]. According to Fig. 10.13, this value of the decoupling
length is obtained for a grating depth of 0.1μm.
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Fig. 10.13. Evolution of the decoupling length versus the depth of the grating

Equation 10.10 gives the response of an infinite extend grating to an inci-
dent plane wave. The response to an incident gaussian beam is obtained with
the help of a plane wave decomposition [57, 58]. According to this decompo-
sition, the incident beam for a TE polarization can be expressed as a Fourier
decomposition:

Ey(x′, z′) =

+k0n1∫
−k0n1

p(kx′)exp[i(kx′x′ + kz′z′)]dkx′ , (10.15)

where p(kx′) =
+∞∫
−∞

exp[−x′2/w2
0]exp[−ikx′x′]dx′, w0 is the waist of the

gaussian beam and kz′ is related to kx′ as kz′ =
√

n2
1k

2
0−k2

x′ .
A change of coordinates allows to obtain the value of the field in the plane

of the grating.{
x′ = sinθ (x − dx) + cosθ (z − dz)

z′ = − cosθ (x − dx) + sinθ (z − dz) and

{
kx′ = −kxsinθ + kzcosθ

kz′ = kxcosθ + kzsinθ.

(10.16)
This change of coordinates gives the reflective and transmitted field in the
plane of the grating as:

f(z) =

+n1k0∫
−n1k0

f (kz) p (−kxsinθ + kzcosθ)
(

sinθ

kx
+ cosθ

)

× exp [i (kzz − kxdx−kzdz)] dkz. (10.17)

For a strongly divergent beam, one proceeds by fast Fourier transform (FFT)
algorithm [60] or a fractional fourier transform algorithm [61] to obtain a
numerical solution of (10.15) and (10.17).
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The reflection and transmission coefficient in intensity for a TE polariza-
tion is obtained by the use of the pointing vector:

F (z) =
Re
{
f (z) d

dz f∗ (z)
}

+∞∫
−∞

Re
{
Ey (z) d

dz E∗
y (z)

}
dz

. (10.18)

We can notice that the coupling efficiency η of the grating coupler is obtained
by considering the energy balance criterion:

η = 1−
0∫

−∞
Rg (z) dz−

0∫
−∞

Tg (z) dz−
+∞∫
0

Rw (z) dz−
+∞∫
0

Tw (z) dz, (10.19)

where η is the coupling efficiency, R and T are the reflectivity and the trans-
mission in the grating and waveguide areas denoted, respectively, by the sub-
script g or w. This calculation is illustrated on the Fig. 10.14, where we plot
the evolution of the reflectivity and the transmission versus to the incident
angle of the beam.

The position of the incident beam with respect to the beginning of the
unperturbed waveguide at z = 0 in Fig. 10.10 can be modified by changing
the value of dz in (10.17).

In Fig. 10.14 a, the lateral shift dz of the incident beam is chosen in such
way as all the light is totally on the grating area, what corresponds to the case
of an infinite grating. In that case, the energy balance is verified and there is
no light injected in the waveguide.

According to (10.14), the lateral shift of the incident beam corresponded
to the position of a maximum coupling efficiency in Fig. 10.14b. In this case,
the lack in the energy balance gives the coupling efficiency versus the incident
angle. A maximum value of 56% is obtained for an incident angle of 9.2◦ and
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Fig. 10.14. Evolution of the reflectivity and transmission of the grating coupler in
the case of an infinite (a) and finite (b) grating coupler for a gaussian beam resulting
from a monomode optical fiber. In the case of an infinite grating, the energy balance
criterion is satisfied. For the grating of finite extend, the lack in the energy balance
criterion gives the coupling efficiency
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the acceptance of the resonance (Δθ = 3.8◦) is increased compared to the case
of an incident plane wave (Δθ = 1.6◦).

This expression enables us to study the variations of the coupling efficiency
according to the waist size of the incident beam, to its position compared to
the device and to the angular detuning between the incident angle and the
resonance angle of the grating coupler.

For example, in the case of a gaussian beam resulting from a single mode
optical fiber (w0 =5.6μm), an optimal coupling efficiency is obtained for de-
coupling length of 7.8μm.

The alignment tolerances at ±1 dB for a detuning angle, a defocusing and
lateral displacement are, respectively, equal to ±2.0◦, ±240μm, and ± 2.6μm.

The same procedure can be used in the case of a TM polarization. Also,
it is possible to obtain the tolerance alignments for detuning a lateral or
transversal shift of the incident beam, respectively, by varying the parameters
θi, dz, and dx.

It should be noted that the maximum value which can be obtained is 80%.
In general, the coupling efficiency of a coupler with conventional grating is
lower. This is due to the fact that a part of energy is lost in the reflected
and transmitted beam and does not take part in the coupling phenomenon.
This optimal value of 80% is obtained when there is only one reflected or
transmitted beam.

To increase the coupling efficiency up to 80%, two solutions has been
proposed and tested for SOI waveguide. The first solution is to eliminate the
reflected or the transmitted beam by varying the thickness of the silicon layer
and the depth of the grating [58, 59]. The second solution consists of the
deposition of metallic mirror on top of the grating [64].

In order to exceed the limit of 80%, the shape of the decoupling beam
must be closed to the shape of the gaussian beam. The different solutions
proposed earlier use a blazed grating [65, 66], a focused grating [67–71], or a
double relief grating [72]. The focused grating is used for the realization of an
integrated-optic disk pickup device [68].

We can notice that these results are obtained in the case of planar struc-
tures. To have a strong coupling effect between an optical fiber and a sub-
micronic silicon waveguide, a taper is used.

Solutions involving this kind of coupler are reported in literature [73–77].
In order to reduce the length of the taper, a solution with a segmented spot size
converter has been proposed and tested [78]. Also a solution with a 2D grating
are used to have a polarization independent photonic integrated circuit [79].

10.7 Guide to Guide Assisted by Grating Coupler

The concept of this coupler is illustrated in Fig. 10.15. Light of a tapered fiber
is first injected by a butt coupling method in the upper low refractive index
waveguide. When the effective index of the modes that propagate in the two
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Fig. 10.15. Schematic view and basic principal of guide to guide assisted by grating
coupler

waveguides are very different, a coupling effect can be occurred with the help
of a grating. This effect is called a guide to guide process assisted by the
grating. It was first studied using the coupled mode theory [80–84] and more
recently with the Floquet–Bloch theory [85–88].

The design of such coupler consists first in the determination of the cross-
section of the input waveguide to have a good overlapping with the beam of a
standard or tapered optical fiber. The effective index method [87, 88] is used
to simplify the 3D problem in a planar multilayer stack for the determination
of the grating period.

The propagation constants and the complete field distribution of the two
modes are calculated with a grating solver based on the RCWA method [46].
According to the Floquet–Bloch theory, the modes in the coupler can be
seen as an infinite sum of the diffraction order of the grating. The complete
field pattern is obtained by the summation of all space harmonics. Disper-
sion curves of the two modes are found as a function of the grating period.
Figure 10.16 shows an example of the propagation constants of the two modes
as a function of the grating period where Fig. 10.16a, b correspond to the
real and the imaginary parts of the propagation constants of the two modes,
respectively. There are two space harmonics which have significant amplitudes
(n = 0 and 1 for the mode in the low refractive index contrast waveguide and
n = 0 and −1 for mode in the silicon waveguide). Out of the resonance, the
field distribution of these two harmonics is similar to the modes of the two
unperturbed waveguide. At resonance, when the difference between the real
parts of the longitudinal propagation constants is minimized, the magnitude
of the two modes are nearly identical, in which case the coupling between the
two waveguide is maximum. As shown in Fig. 10.16a, the resonant condition
corresponds to a grating period of 0.738μm. With such grating period, the
space harmonic (n = 2) of the grating occur in the air that induced radiation
losses as shown in Fig. 10.10b. In this case, the optimum coupling length is
given by the relation [86]:

tan
(

δ

2
Lc

)
=

δ

2α
, (10.20)
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Fig. 10.16. Propagation constant of the two modes in a guide to guide assisted
by grating coupler versus the grating period Λ. The anticrossing point gives the
optimum value of the grating period (Λ = 0.729μm) for a maximum coupling
efficiency

where α is the modal attenuation leakage of the second diffractive order of the
grating in the air. For this planar coupler, a coupling length of Lc = 200μm
produces an optimum coupling efficiency of η = 64%.

We can notice that for these kinds of couplers can be eliminated by the use
of a contra-propagative coupling effect. According to the Bragg relation, the
grating period is of 0.29μm. Because of this short period, there is no radiation
effect in the air and consequently no losses. The advantages of this coupler
are compactness and high compatibility with the CMOS technology.

This kind of couplers have been used for the light transfer between a glass
waveguide and a semiconductor waveguide [85] and also when a fiber is directly
posed on the top of the grating [90]. Because of this long coupling length of a
few millimeters, it is not a compact solution.

In order to have a more compact coupling solution, new geometries with
a dual grating [91] or an ARROW coupler [92] have been proposed. ARROW
means antiresonant reflection optical waveguide [93]. The ARROW coupler
is made with the standard planar CMOS processes because the ARROW
waveguide uses the dielectric cap layer of the microelectronic circuits and the
grating is etched in the silicon.

The drawback is that the ARROW waveguide has low propagation losses
only for the TE polarization making the coupler selective in wavelength and
polarization.

10.8 Prism Coupler

In the case of the prism coupler, one searches to inject light in a waveguide
when the incident beam is above the waveguide. If one only considers the
waveguide, the Fresnel relations show us that whatever is the incident angle,
the refracted angle in the guiding layer cannot correspond to the case of the
guided mode. Then, there is no possibility for light to be injected into the
waveguide.
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Fig. 10.17. (a) Basic principles of the prism coupler, (b) M line pattern obtained
when the incident light is injected in the waveguide

The coupling by a prism is illustrated in Fig. 10.17. The coupling by prism
consists in approaching the waveguide, a material of strong refractive index
np, comparable with that of the core layer nf of the waveguide. The incident
beam is in total reflection condition at the base of the prism and the evanescent
part of the incident beam will interact with the evanescent part of the guided
mode.

The operating mode of the prism coupler can be explained by the fact
that the total reflection of the incident beam at the base of the prism will be
frustrated. A part of the energy of the incident beam will be transferred in
the guide through the air gap by an optical tunnel effect. A coupling of the
light occurs when the phase condition is satisfied:

k0np sin θi = k0neff . (10.21)

Tien and Ulrich described for the first time the total internal reflection prism
coupling phenomenon [94–96].

In a more rigorous way, one can use the plane wave analysis to describe
the prism coupling effect. The propagation of an incident plane wave in a
multilayer stack is calculated by a matrix representation [97,98]. For the same
reasons as for the grating coupler, the reflection coefficient at the basis of the
prism can be approximated by (10.10). The plane wave decomposition gives
the solution of the shape of the reflected beam in the case of an incident
gaussian beam.

For an incident gaussian beam, it can be shown [99,100] that a maximum
coupling efficiency of 80% can be achieved when the two conditions of (10.14)
are satisfied.

The limitation of the maximum coupling efficiency value is explained by
the overlapping of the exponential shape of the output beam compared to
gaussian beam shape of the incident beam. The maximum coupling efficiency
can be increased to 100% in the case of cylindrical prisms [101]. Because of
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the varying gap of these prisms, the output beam has a shape that is closed
to the gaussian shape of the incident beam.

We can notice that the competitive effect between the coupling and the
leakage of the guided power on the input prism results on a m-line in the
reflected beam pattern [102–104].

The m-line can be calculated with the same formalism as those devel-
oped for the grating coupler (10.17). This kind of calculation is illustrated in
Fig. 10.17b.

Measurement of the position of this dark line on the reflected beam gives
the real part of the propagation constant. This experimental method has been
used for the material characterization and the loss properties of thin films
[105,106].

The main problem of the prism coupler is that it cannot be used for a
monolithic integration of optical devices. It is for this reason that the coupling
technique is generally used for the characterization of planar waveguides in
laboratory.
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Si Microphotonics for Optical Interconnection
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Ishikawa, X. Duan, J. Michel, H.A. Haus, and L.C. Kimerling

Summary. Silicon microphotonics is to integrate photonic functionalities on Si
chips to extend Si chip performances and eventually realize electronic and photonic
integrated circuits (EPICs). The current trend for photonic integration on silicon is
making all photonic devices compatible to complementary metal oxide semiconduc-
tor (CMOS) technology. The first part of this Chapter describes a fractal optical
clocking architecture as a new breakthrough to enhance clocking speed far beyond
the Semiconductor Technology Roadmap. The possibility of faster clocking by orders
of magnitude is demonstrated. The second part deals with CMOS compatibilities of
photodetectors for on-chip monolithic integration. Defect- and strain-engineered Ge
photodetectors on Si are broadband and have C- and L-bands detection capability.
Finally a potential market for optical interconnection on ∼1 m distance scales is
discussed.

11.1 Introduction

Si large-scale integrated circuits (LSIs) together with optical fiber commu-
nications have been the building blocks of the internet society. Now, there
appears a strong demand to merge optical communication with a chip into
an electronic and photonic integrated circuit (EPIC) for ubiquitous society.
To converge electronics and photonics on a chip, the III–V platform used
in InP-based integrated photonics is ready to adopt the long haul commu-
nication technologies for on-chip integration. This is because the photonic
component technologies are well developed on the III–V platform. However,
EPICs should be on Si chips because there is no electronics comparable with
Si-LSIs that are of high figure of merit (FOM, defined in Sect. 11.2). The
Si platform requires that all photonic devices be compatible to complemen-
tary metal oxide semiconductor (CMOS). Recently, we have prototyped an
EPIC that would potentially breakthrough the performance limit of Si-LSIs
in terms of on-chip optical interconnection. CMOS technologies are one of the
significant resources of mankind, and CMOS compatibility makes EPICs not
only have high FOM, but also have short turn-around-time from laboratory
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to fabrication. The present article reviews Si microphotonics [1], and on-chip
optical interconnection [2] and CMOS-compatible Ge photodetectors [3–6].

11.2 Fundamental Limits of Si-LSIs

FOM has been employed for technology evaluation, and usually is defined as

FOM =
Performance
Cost × Power

. (11.1)

Performance in the case of Si-LSIs is speed. It is the sum of switching rate
of a transistor and signal transmission rate between transistors. The switching
rate already reached 1 THz in 2000 by means of the size scaling with the
minimum feature size. However, the scaling is accompanied with a negative
impact in capacitance and resistance increase of metal interconnects. The
number of transistors will soon exceed one billion on a chip. This explosion in
density of transistors/chip has made the transmission rate a dominant speed-
limiter. Therefore, the scaling does not improve the signal transmission rate
and the system performance of LSIs. This is the so-called interconnection
bottleneck, indeed stagnating the clocking rate around 3 GHz in 2005.

Cost in FOM is dependent on the production yield which is strongly
affected by multilevels of metal interconnects. A couple of years ago, LSIs
were manufactured with the 0.13μm technology node where six levels of the
metal layers were involved. In the current 90 nm node, the interconnect layer
has increased to as many as eight levels. The requirement for precise alignment
should significantly lower the production yield.

Lastly, power in FOM exponentially increases with the performance
increase. The higher the power, the higher the performance. This has incurred
a so-called heat penalty due to high current density. Because of resistance
increase of long metal interconnects, Joule heating is unavoidable. Together
with subthreshold current of CMOS transistors the chips have now been
heated up like “hot plates.” Heat penalty is thus the most stringent issue
in the current LSIs.

Photonics has a unique capability of overcoming these challenging issues
because there is no resistance and capacitance for light. If we could hybridize
photons for signal messengers and electrons for signal processors on a chip,
the interconnection bottleneck should be solved. In addition, we should also
be free of the long-standing design rule in electronics, i.e., the 50 Ω impedance
matching. This might be the most significant contribution of photonics to
Si-LSIs.

11.3 Material and Device Diversity in Photonics

As can be seen in the Table 11.1, electronics consists of only transistor and
interconnects, and that has promoted on-chip integration. However, in photon-
ics there are many devices currently used in long haul optical communication.
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Table 11.1. Electronics and photonics – diversity of devices and materials

devices materials

electronics transistors Si, Al, SiO2, Si3N4

interconnects Al, Cu
photonics light emitter InGaAsP (III–V)

interconnect Si, Si3N4,SiOxNy (Si)
MUX (filters) SiO2 (Si)
detector InGaAs (III–V)
modulator LiNbO3 (other)
amplifier InGaAsP (III–V)
isolator YIG:Bi (Other)

To implement photonic functionality monolithically on a chip, all these pho-
tonic devices must be integrable on Si. In other words, the diversity of devices
in photonics is very large, and that is a clear difference from electronics sup-
porting our digital world. This naturally leads into the other difference: the
diversity of materials employed in photonics. In other words, photonic devices
have been developed on the optimum materials. Some devices such as light
emitter, amplifier, and detectors are on III–Vs, while others are on LiNbO3

and yttrium iron garnet (YIG). In contrast, the basic materials set in electron-
ics have been CMOS-compatible; Si, SiO2, Si3N4, and Al. Recently, Cu and
low k insulators have been added. The photonics materials are not CMOS-
compatible at all. Thus, it is impossible to monolithically integrate photonics
on the Si platform using Si CMOS technology. To overcome this problem
with monolithic integration of photonic functionalities, there should be two
approaches:

1. Making all photonic devices using Si CMOS-compatible materials, i.e.,
reduction of material diversity.

2. Making a few (hopefully one) new CMOS-compatible device(s) meeting
all photonic functionality, i.e., reduction of device diversity.

Currently, the world trend is the former to reduce materials diversity. This
approach of Si microphotonics can also be called as “Si CMOS-compatible
photonics.” In other words, Si microphotonics should be categorized into Si
CMOS Photonics and Si CMOS-compatible photonics. Our Ge work described
later is a typical example of Si CMOS-compatible photonics, and the modu-
lator reported by Intel [7], and Si Raman lasers reported by UCLA [8] and by
Intel [9] are others.

We have chosen an optical clocking chip as the first example of Si CMOS-
compatible photonics. The optical clocking chip is one of the simplest, since
the chip consists of only waveguide and photodetector, and is one of the most
urgent because of stagnation of clocking rate at ∼3 GHz. Therefore, a high-
speed clocking chip is the most appropriate target for first prototyping of Si
microphotonics.
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11.4 Optical Interconnection

11.4.1 Interconnection Bottleneck

Figure 11.1 shows the interconnection bottleneck in semiconductor technol-
ogy issued by the Semiconductor Industry Association (SIA) in the late 1990s.
This figure clearly warned of the performance limit of central processor units
(CPUs). It should be noted that the delay may be categorized into two compo-
nents: switching (gate) delay and transmission delay of signals. The switching
delay does not depend on interconnect, as can be readily understood. How-
ever, the transmission delay does strongly depend on the materials because
the delay is nothing but charging and discharging time of the condensers asso-
ciated with interconnects. Accordingly, the transmission delay scales with the
resistance and capacitance product (RC) time constant. Based on the tradi-
tional metal interconnect system of Al and SiO2, the minimum transmission
delay occurs around the 250 nm node, and the system gets slower when the
minimum feature size is smaller, as in Fig. 11.1. A new metal interconnect
system, i.e., Cu and low dielectric constant (k) materials, has been employed
to avoid this problem. Cu has lower resistivity than Al (∼0.5 of Al), and the
low k materials have dielectric constants about a half of SiO2. Thus, the Cu
and low k system should have a gain from four times less RC time constant
unless the interconnect size changes. This shifts the minimum delay at the
180 nm node. However, the transmission delay increases below the node. Fur-
ther efforts have been invested to solve this problem using thicker metals and
other approaches, but it is strongly suggested that we are very close to the
end of the metal interconnection.
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Light does not have resistance and capacitance and should be free from
charging and discharging times. This indicates optical interconnection would
be capable of higher speed data transmission. The speed in Si is about
108 m s−1, and thus propagates ∼0.1 mm in 1 ps. Let light do the job, as de-
scribed in Sect. 11.4.2. Light has also colors which enable high transmission
rates, as will be discussed in Sect. 4.5.

11.4.2 Optical H-tree

The clock speed of CPUs has shown to be stagnated at ∼3 GHz. Faster clock-
ing can be done by giving more power on the chips, however, Joule heating
drives the chip temperature to unacceptably high levels and causes malfunc-
tion and deterioration of the chip performance. In other words, performance
improvement must be accompanied by heat dissipation due to power increase,
called the heat penalty. Si-LSIs are rapidly moving to the Si on insulator
(SOI) platform to achieve a faster switching rate. The substrate, however, is
not friendly to heat dissipation. It is a poor thermal conductor due to the
presence of the SiO2 layer, and hence the heat penalty becomes more and
more stringent.

To achieve a higher clock rate, we have proposed to implement the frac-
tal optical H-tree architecture shown in Fig. 11.2. This is a hybrid system
with optical and electrical H-trees. The optical H-tree is on the top, while the
electrical H-tree is at the bottom. The optical clocking signal is to be injected
from the lower part of the chip, and then propagates in the waveguide with an
H-tree shape distribution. Finally the signals are detected by the photodetec-
tors at the end of the waveguides. When the distance from in-port waveguide
to the photodetectors is designed all to be the same by virtue of the H-tree
architecture, the timing of signal arrival is guaranteed to be chronically the
same. Once an optical signal arrives at the photodetectors, an electric pulse

Fig. 11.2. Optical clocking H-tree and electronic H-tree. Thick line is waveguide,
square is photodetector. Electrical H-trees are under the optical H-trees
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is generated to transmit it to the electrical H-tree underneath. When the op-
tical H-tree is double, as in Fig. 11.2, the longest interconnect in the electrical
H-tree is 1/4 in length in comparison to the case without an optical H-tree.
Since both resistance R and capacitance C are proportional to the length, the
RC product should be 1/16. This simple calculation gives us 16 times faster
clocking available if everything else is the same. This is a clear advantage of
optical H-tree.

11.4.3 Waveguide

In order to implement an optical clock architecture on a chip, we need optical
interconnects, i.e., a waveguiding platform. Planer lightwave circuits (PLCs)
[10] are the first commercially available platform to integrate photonic com-
ponents. They are also referred to as “Silica bench.” Although it employed
hybrid integration, there is a significant progress compared to on-board as-
sembly of optical components. PLCs are based on silica fiber technology where
the index contrast between the core and cladding is extremely small, as des-
ignated in Fig. 11.3, where the minimum waveguide-bending radius is plotted
against index contrast. It is advantageous that PLCs are free of the challenge
of efficient coupling to a single mode fiber. However, PLCs require large bend-
ing radii–up to several cm- to reduce bending losses to 0.1 dB per turn or less.
The large bending radii make it difficult to confine optical interconnects on
a chip of 1 cm2. On-chip optical interconnection therefore needs high-index
contrast (HIC) platforms where the optical field intensity is strongly confined
in the core, allowing sharp bends without significant bending losses. It should
be remarked that several Si CMOS materials have been employed for HIC
integrated optics. As shown in Table 11.1, Si, Si3N4, and SiO2 are CMOS
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materials and their refractive indices are 3.5, 2.0, and 1.5, respectively. Ac-
cordingly, we could keep the bending losses lower even though the bending
radii are as small as 10μm. In addition, the CMOS materials are transparent
at the optical communication wavelength around 1.2–1.7μm.

As stated above, Si microphotonics is advantageous in monolithic integra-
tion of photonics on Si CMOS platform using HIC waveguides capable of sharp
bends. The next requirement for optical H-tree architectures is a low loss and
even splitting ratio at Y-splitters. The loss arises mainly from scattering due
to waveguide sidewall roughness and is nearly proportional to the third power
of the index difference, as shown in Fig. 11.4 [11]. This trend implies a design
principle for waveguide materials. The bending radius (expressed as minimum
device size in Fig. 11.4) gets smaller with the index difference, while the scat-
tering loss becomes larger with the index difference. Using silicon oxynitride
materials, the index difference is controllable from 0.01 to 0.5 according to its
alloy composition. If a bending radius of 1 mm is acceptable, the index differ-
ence can be 0.02 or larger (Fig. 11.3), with transmission loss per right-angle
bend remaining below 10−2 dB cm−1.

Another alternative approach that enables small bending radii may em-
ploy an “Air-trench bend” [12]. The latter is a unique low-loss waveguide
bend design applicable to low-index contrast systems such as PLCs. A typical
structure is shown in Fig. 11.5. The idea is to replace the cladding material
on the side of waveguide core with air, only in the waveguide bending regions,
by creating trench structures. This introduces HIC at the bends in the lateral
dimension. A sharp bend without appreciable radiation losses is then permit-
ted, since the index difference between the core and air can be expected to be
higher than about 0.5. The taper parts of the air-trench bends are necessary
to minimize loss due to mode mismatch at the input and output of the bend.
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Fig. 11.5. Air trench bends: (a) schematic diagram of the plan view and cross-
sectional views, (b) scanning electron microscopic image (SEM)

The tapers provide a gradual transformation of the guided mode shape con-
necting a low-index contrast waveguide to an air-trench bend where the mode
is more strongly confined in the lateral direction. The mode field profiles are
superimposed on the cross-sections in Fig. 11.5a, b. This approach enables
bending radii on the order to 10μm assuming that the SiOxNy core and SiO2

cladding have an index difference of 0.1. Experimental characterization of fab-
ricated structures showed a loss of 0.1 dB for 9μm-radius right-angle bends.

11.4.4 Optical Clocking Chip

We have successfully prototyped the optical clocking chip for high-speed
processors. Away from 1550 nm, we have used 850 nm as a clocking wave-
length, since vertical coupling surface emitting laser diodes (VCSEL) have
been around for many years and are capable now of 10 GHz operation with no
external modulators. Si can be used as a photodetector material for 850 nm.
The waveguide transparency should be obtained with Si3N4 or silicon oxyni-
tride.

Figure 11.6 shows the optical clocking chip prototyped [2]. Here, the pho-
todetectors are made of Si because of 850 nm operation. This chip is eventually
the world’s first EPICs. In other words, all devices used in electronic and pho-
tonic integration are built on an Si chip using Si CMOS-compatible materials.
The waveguides employed an silicon oxynitride core where the index difference
is 0.05 from the cladding. This chip includes a 64 fanout of the optical H-tree,
which should potentially enable 64 times faster operation than the currently
available CPUs.

11.4.5 On-chip Wavelength Division Multiplexing

Table 11.2 summarizes the goals of the SIA roadmap in the late 1990s.
The goal of performance was 6 GHz in 2006. Only ∼3 GHz clock speed is

available in 2005. As described above, optical clocking should be the ultimate
clue for fast clocking. The next issue is too many layers of metal interconnect
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Fig. 11.6. Optical clocking chip. Used by permission from Intel Corporation as
published in [13]

Table 11.2. Semiconductor Technology Roadmap

1999 2006

interconnect length 1.5 km/chip 10 km/chip
clock 1 GHz 6 GHz
level of metals 6 layers 8 layers
power/chip 90 W 170 W

layers. It is currently eight and makes it hard to increase the production yield
as discussed earlier in this review. In electronics each transistor should be
connected with a metal interconnect which should not be connected to other
transistors unless otherwise required. This results in a large amount of metal
interconnects on a chip such as 10 km/chip as in Table 11.2. However, pho-
tonics can transmit many signals in one waveguide using wavelength division
multiplexing (WDM). Although WDM requires additional device besides op-
tical clocking, i.e., demultiplexing and multiplexing (DEMUX/MUX), one bus
waveguide for carrying multiple wavelengths can practically serve the function
of multiple levels of metal interconnects as follows.

Figure 11.7 shows microring resonator wavelength filters and their trans-
mission spectra [14]. Light coming in from the “In” port can couple into the
ring resonators 1–4 when their circumferences correspond to an optical path
length that is an integer-multiple of the wavelength of the light. Thus, the bus
waveguide has four-ring resonators of different radii as shown here should func-
tion as DEMUX. The transmission power spectra indicate four wavelengths
dropped in the optical communication wavelength range via DEMUX of
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Fig. 11.7. Scanning electron micrograph (SEM) and filtering spectra of micro-ring
resonators with a DEMUX function

microring resonators. Since free spectral range (FSR) of these ring resonators
is large owing to the small ring diameter, each ring resonator has functioned as
one channel dropping filter in the optical communication wavelength range,
shown in Fig. 11.7. Here, the FSR is about 20 nm in wavelength, which is
impossible to achieve with ring resonators in low-index contrast.

The resonance of a single ring resonator must be wide enough to drop
a single modulated wavelength signal without spectral distortion. Then the
resonance roll off may be too gradual to sufficiently reject the next adjacent
wavelength channel in a dense WDM spectrum. More wavelength-selective,
flat-top spectral responses may be obtained by coupling multiple ring res-
onators to create higher-order resonances may be obtained by coupling multi-
ple ring resonators to create a higher-order filter. Figure 11.8 shows examples
of higher-order ring resonator filters with up to four cascade rings [14]. It
is clearly shown that passband flatness and out-of-band rolloff of the filter
response increase with the number of rings. The transmission spectrum be-
comes rectangle-shaped at four rings because of resonant coupling. This flat
top characteristics of the DEMUX is of importance when the chips are used in
uncool conditions like Si-LSI chips. The resonant wavelength shifts with the
chip temperature due to the temperature dependence of refractive index of
the ring resonators. The flat top characteristics can allow a given wavelength
to drop even though the center of filtering wavelength shifts around with a
temperature fluctuation.

11.4.6 Heat Penalty

To get higher performance of digital chips, the simplest solution is high current
operation. Hence, Joule heating is increasingly problematic, since it may incur
malfunctioning digital chips. Liquid cooling of CPUs may be a short-term
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solution. Light does not experience resistance, or cause heat generation when
used as a signal messenger.

Optical interconnection should be employed, not because it enhances the
system performances and it eliminates too many levels of interconnection, but
because it is the fundamental approach to get rid of heat penalty of current
Si-LSIs.

11.4.7 Mode Converter of Off-Chip Light Source

Clocking wavelength is 850 nm of VCSELs that are not CMOS-compatible.
Thus, we need mode converters that couple light from off-chip light sources to
chips. This brings about two good results: First, the light emitter consumes
a high power, heating the chips up. The off-chip light source concept thus
allows heat isolation of chips from hot light sources. Second, state of the art
technology of a light source is always available when it is off-chip. However,
fiber couplers are needed. Currently, effective index coupling is quite promising
and 1 dB/point has been shown as a typical coupling loss [15].

11.5 Ge Photodetector on Si

11.5.1 Ge Instead of Si

We have used 850 nm for optical clocking due to the following three reasons:

– VCSEL have been around for many years and are capable now of 10 GHz
operation with no external modulators. GaAs-based VCSEL emit 850 nm.
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– Si pin diodes can be photodetectors on a chip. Photodetectors currently
used in long haul optical communications are based on pin InGaAs, which
is not CMOS-compatible.

– Silicon nitride or silicon oxinitride serve as waveguiding core materials at
850 nm.

However, there is a challenging issue; the speed of the Si detectors. Si is
an indirect semiconductor, and the absorption coefficient at 850 nm is mid-
hundreds/cm, as in Fig. 11.9. This small absorption needs a long optical path
to achieve high responsivity, resulting in slow operation due to a large RC
time constant. Generally speaking the speed of photodetectors can be faster
at a cost of responsivity or vise-versa.

Ge is an excellent candidate to replace Si photodetectors. Ge is an indirect
semiconductor as well, but has the direct transition at 0.805 eV, correspond-
ing to 1550 nm. At 850 nm the absorption coefficient of Ge is mid-tens of
thousands/cm as in Fig. 11.9. Thus, Ge has the absorption coefficient more
than two orders of magnitude larger than Si. Further more, Table 11.3 shows
comparison of electronics properties of Ge and Si [16]. Mobility of Ge is much
higher than that of Si, especially hole mobility. Ge is CMOS-compatible as
well.

There are, however, two issues in Ge:

1. Defects in Ge hetero-epilayers on Si
2. The direct bandgap of Ge is wider than that of InGaAs. InGaAs can detect

the whole C- and L-bands of optical communication, but Ge cannot.

These issues have been solved engineering thermal mismatch between Ge
and Si, as described in Sect. 11.5.2.
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Table 11.3. Electronic properties of Ge and Si

mobility (cm2V−1 s−1)
electron hole

Ge 3,900 1,900
Si 1,500 600

11.5.2 Defect Engineering of Ge Heteroepilayers on Si

The lattice mismatch between Ge and Si is 4%, and should lead a high density
of dislocations in Ge epi layers. Thus, the most of previous reports employed
compositionally graded SiGe layers to buffer the mismatch. The buffer layers
were, however, as thick as several μm and incurred challenging issues in mono-
lithic integration of photodetectors with interconnects. We have successfully
obtained a high-quality Ge directly grown on Si without an SiGe buffer layer,
and dislocation-free selective Ge mesa on Si [3]. The issues to overcome were
islanding growth and dislocations.

Because of the lattice mismatch, Ge epilayers never uniformly grow on
Si to leave Ge islands. Here, ultra-high-vacuum chemical vapor deposition
(UHV-CVD) has been used. Low temperature growth is necessary to avoid
such islanding. Surface diffusion of Ge atoms should be limited at low temper-
ature, allowing uniform epitaxy. Once flat epilayers were formed, Ge uniformly
grow on the thin uniform Ge buffer layer even at high temperature and even-
tually gets thicker uniform epilayers. This low–high two-step growth has been
invented in the course of GaAs on Si research a couple of decades ago, and
now successfully adopted to Ge on Si for the first time.

Dislocations are generated in the flat Ge epilayers in terms of mismatch of
lattice constants between Ge and Si. Typical dislocation density in 1μm thick
as-grown Ge on Si is ∼1 × 109 cm−2. A transmission electron microscopic
(TEM) image of cross-sectional Ge on Si is shown in Fig. 11.10. Threading
dislocations and strained interlayer between Ge and Si are clearly revealed.
Dislocations should be removed from the Ge epilayers since they frequently
provide recombination centers in pin diodes, resulting in a large leakage cur-
rent and a low responsivity.

High temperature annealing is found to be effective in dislocation reduc-
tion in the Ge epilayers. The mechanism has been modeled in terms of anni-
hilation of dislocations and/or dislocation reactions due to thermally induced
dislocation motions [3]. The dislocation motion is due to difference in linear
expansion coefficients between Ge and Si. High- and low-temperature cyclic
annealing reduces dislocation density to ∼1 × 107 cm−2. A cross-sectional
TEM image confirms such dramatic reduction of threading dislocations, as
in Fig. 11.11 [17]. A typical annealing condition was 900◦C and 700◦C for 10
minutes each.
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As Grown Ge on Si Tg = 6008C 0.5 mm

Fig. 11.10. Cross-sectional TEM image of as-grown Ge on Si

After 10 annealing cycles (9008C, 7008C) 0.5 mm

Fig. 11.11. Cross-sectional TEM microscope image of postgrowth annealed Ge
on Si

Dislocation density is further reduced to ∼1×106 cm−2 when Ge is grown
selectively into mesas shown in Fig. 11.12. Even dislocation-free Ge has been
grown on Si after postgrowth annealing when the mesas are 10 × 10μm2 in
area as in Fig. 11.12b.

11.5.3 Strain engineering of Ge on Si

After growth of a high quality of Ge epilayers on Si, the epilayers were sub-
jected to the high–low cyclic annealing. At high temperature the layer gets
fully relaxed, and tensile strain is accumulated in the layer during cooling.
This is because the lattice expansion coefficient of Ge is slightly larger than
that of Si [3]. Hence, tensile strain is generated in the epilayers due to thermal
mismatch of these lattice constants and shrinks the energy gap of Ge.

Strain-induced shrinkage of bandgaps between the conduction and light-
hole valence bands (C–LH) and the conduction and heavy-hole valence bands
(C–HH) are expressed as [18]
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Fig. 11.12. Selective growth of Ge on Si. Selective epitaxial growth and postgrowth
annealing have eliminated dislocations entirely on some mesas

EC–HH
g = E0

g − δEhy + (1/2) δEsh, (11.2)

and

EC–LH
g = E0

g −δEhy− (1/4) δEsh +(1/2) Δ− (1/2)

√
Δ2 + Δ · δEsh + (9/4) (δEsh)2,

(11.3)

where E0
g is the direct bandgap of unstrained semiconductor, δEhy and δEsh

are the hydrostatic and shear deformation energies, and Δ is the spin–orbital
splitting energy. For the biaxially strained (001) layer, δEhy and δEsh are
written using the in-plane strain e// as

δEhy = −2a · (1 − c12/c11) e//, (11.4)

and
δEsh = −2b · (1 + 2c12/c11) e//, (11.5)

where a and b are the hydrostatic and shear deformation potentials, and c12

and c11 are the elastic constants of Ge. Recently, we have obtained accurate
a and b in the course of strain-engineering of Ge epi on Si [19]. The revised
values are: a = −8.97 ± 0.16 eV; b = −1.88 ± 0.12 eV.

Figure 11.13 shows the calculated strain dependencies of band edges. Un-
der no strain the Ge bandgap is 0.805 eV for the direct bandgap and 0.664 eV
for the indirect bandgap. With tensile strain, the conduction band bottom
Ec(Γ ) for the direct transition and Ec(L) for indirect transition moves down-
ward in an energy scale. The valence band top, on the other hand, becomes
nondegenerated under strain, and splits into two EHH and ELH. ELH moves
upward with tensile strain, resulting in shrinkage of bandgap. Although EHH

moves downward, tensile strain also shrinks the bandgap. Thus, both C–HH
and C–LH bandgaps shrink with tensile strain.

Cooling down to room temperature from high temperature after growth
and/or postgrowth annealing should accumulate tensile strain. The amount of
strain is up to a few tenths percentage in Ge according to the temperature de-
pendence of linear expansion coefficients of Ge and Si. Here, it is assumed that
Si substrate obeys its temperature dependence. The amount of tensile strain
has been measured by x-ray diffractometer. The strain was indeed ∼0.2%,
suggesting the bandgap shrinkage by 20 meV according to Fig. 11.13.
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Fig. 11.13. Strain versus bandedges of Ge

Bulk Ge shows cut-off at 1550 nm in absorption coefficient as shown in
Fig. 11.14. The gradual reduction of the absorption coefficient at longer wave-
length is due to its indirect bandgap edge of Ge. In contrast, the present Ge
epilayers on Si show extended absorption edge near 1,600 nm [6]. This shift is
indeed 20 meV predicted in the Fig. 11.13 and extremely beneficial for signal
detection of not only C-band but also L-band by Ge, as in the figure.

Figure 11.15 shows responsivity spectra of the present Ge photodetector
on Si and of the theoretical calculation based on Ge absorption in literature. It
is clearly shown that the responsivity edge shows “red-shift” toward 1,600 nm
as expected.

It is also noted that the responsivity obtained by experiment is higher than
the theoretical calculation. It is still an open question what explains the dif-
ference in responsivity. One of the possible explanations is that there is a large
scattering in absorption coefficients of Ge in literature, as in Fig. 11.16 [20–23].
Especially the scattering is larger when the wavelength is below 1550 nm,
where the experiment shows larger responsivity than calculation does. All
these absorption coefficient data were reported in 1950s. It is strongly rec-
ommended that the Ge absorption coefficient should be measured more accu-
rately.

The temporal responses of Ge photodetectors have measured to verify that
3 dB cut-off frequency is about 10 GHz at 980 nm with ∼2-μm thick intrinsic
Ge layer in pin structures [24]. The speed of the present Ge photodetector is
limited by transit-time not by RC time, and therefore simple theory predicts
that thinner Ge photodetector with ∼0.5-μm thick intrinsic Ge should show
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the cut-off frequency beyond 40 GHz. Ge should be capable of fast on-chip
photodetector.

The Ge on Si technology will also enhance fast optical clocking implemen-
tation on a chip.
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Fig. 11.16. Absorption coefficients of Ge reported so far

11.6 Summary

We have first prototyped optical interconnection on a chip; optical fractal
H-tree circuits. Optical clocking is the simplest example of EPIC, requiring off-
chip light source, SiOxNy waveguides and Si photodetectors. The waveguides
and photodetectors have been implemented using CMOS processes. Defect-
and strain-engineered Ge on Si technology allows broadband and high re-
sponsivity Ge photodetectors with an extended spectral response to L-band of
optical communication, and better characteristics than InGaAs blow 1550 nm,
i.e., especially at 850 nm range. The optical H-tree architecture together with
Ge photodetectors will enable ultrafast CPUs by at least one order of magni-
tude.

Currently a technology gap exists at a reach of 1 m, i.e., between local area
networks and chips, where a market exists for interchip, inter-server, etc. as in
Fig. 11.17. This market will be quite important for Si microphotonics to play
a dominant role, since it requires both low-cost and mass-productivity, where
the key is monolithic integration.

Finally, it should be remarked that there have been not many attempts
to reduce diversity of devices in contrast to those to reduce that of materials
as described in Sect. 11.3. In other words, expansions of device functional-
ity should be a big challenge for Si microphotonics. If failed, the impact of
EPICs might be less significant than that of digital chips where transistors
and interconnects are only on-chip components.
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Silicon-Integrated Optics�

M. Paniccia, L. Liao, A. Liu, H. Rong, and S. Koehl

Summary. In this chapter, we introduce Intel’s research efforts and recent break-
throughs in the field of silicon photonics. We present an industrial perspective on
the benefits of silicon photonics, a plan for the development of integrated devices,
and the challenges involved with manufacturing these devices in high volumes. We
then present an overview of Intel’s silicon modulator work, including design, charac-
terization, and scaling of the modulator. Finally, we provide an overview on Intel’s
research on devices based on stimulated Raman scattering (SRS), including mea-
surements of continuous-wave (CW) gain and CW lasing in silicon.

12.1 Introduction

A little more than 40 years before the printing of this book, a young innovator
named Gordon Moore made a simple observation about the exponential scal-
ing of transistors in a microprocessor. This observation became a challenge
that the semiconductor industry rose to meet with such consistency that it
is now attributed the status of law – Moore’s law. This success came at a
price – namely the countless manhours, decades of research, and investment
of billions of dollars into silicon processing technology.

Moore’s law in the simplest sense describes the scaling of transistors, but
in a wider context it describes much more. For transistors are more than just
semiconductor devices. They are bits. They are intelligence. They are power,
the power to direct and apply information to solve complex problems, improve
standard of living, and generally make everything much more productive.
Silicon transistors are the Age of Information, and what Gordon Moore really
described was an exponential increase in the ability of humanity to harness
and apply the resources of our world.

In fact, the rate at which we can process information has begun to outpace
our ability to communicate it. We are stumbling over our words. Computer

� Copyright c© 2005 Intel Corporation
Published by permission of Intel Corporation
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systems will soon be left waiting, starved for data. They will have all the
capability to act, but not the means. This is because the copper-based inter-
connect among dense information processors cannot keep up the pace. They
have already failed for long-haul and metro networks. They are failing in the
data center. One day they might fail even on PC motherboards.

Silicon microprocessors solved the problem of high-density information
processing. Fiber optics solved the problem of high-density information trans-
portation – but not for everyone. In terms of total interconnects in the world,
fiber only occupies the tiniest niche. For every microprocessor in the world,
there are hundreds, if not thousands, of copper interconnects connecting them
to memory, chipsets, peripheral devices, and to the outside world. One day
billions of optical interconnects will be needed, and today’s technology is not
up to the challenge.

The problem lies not in the fiber, but in the devices at either end. These
devices are many things – discrete, bulky, expensive, difficult to manufacture,
and difficult to assemble. They are many things, but the one thing they are
not, to date, is made from silicon.

With microprocessors, silicon has proven to have none of these liabilities.
It is abundant, well understood, and inexpensive to manufacture, even in very
high volumes.

However, the one thing that silicon is not, to date, is a good optical ma-
terial. Therein lies the irony – a semiconductor that has proven itself reliable
and effective for electronics appears nearly useless for photonic applications.

Recent efforts by Intel and other researchers around the world have shown
that the once-desolate world of silicon photonics now shows signs of life. The
benefits of decades of investments in Moore’s law for transistors have inspired
some to work to expand the definition of this law to encompass not only
transistors, but photonic devices.

Silicon has not been considered an optical material due to a lack of com-
monly used physical effects. The two major ones are the electro-optic effect,
used to make high-speed modulators in materials such as lithium niobate; and
stimulated emission, used to make lasers in materials such as indium phos-
phide. These effects are either nonexistent or extremely weak in silicon. In
the case of stimulated emission much work has been done to coax a few more
photons per electron out of the silicon lattice.

The key to unlocking silicon’s optical potential may be to focus less on
what the material is bad at and more on what it is good at doing. Although
radiative band-to-band recombination emission is poor in silicon, stimulated
Raman scattering (SRS) is uncommonly strong in silicon and can produce
similar results – namely amplification and lasing. Free-carrier effects are
also strong and, more importantly, take advantage of learning from well-
understood complementary metal oxide semiconductor (CMOS) devices such
as diodes and transistors. In fact, Intel’s latest research breakthroughs rely on
controlling free carriers with semiconductor devices. In the case of the silicon
modulator, these charges are injected by a metal oxide semiconductor (MOS)
capacitor to cause a phase shift in the optical signal. In the case of the silicon
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laser, a PIN diode is used to remove light-absorbing free carriers and sustain
net amplification.

This chapter discusses Intel’s perspective and research and its overarching
goal to “siliconize” photonics. Section 12.2 discusses Intel’s vision for bringing
silicon photonics from the lab to the fab over the coming decade. This includes
Intel’s current research into enabling optical capabilities in silicon, plans for
integrating devices, and issues of manufacturing photonics that are “CMOS
fabrication compatible.” Section 12.3 describes the first of Intel’s two recent
breakthroughs, a silicon modulator that has been shown to scale to 10 Gbps
speeds by modulating light with free carriers. Section 12.4 details Intel’s most
recent breakthrough, the first silicon Raman laser to transmit CW light by
removing free carriers generated by two-photon absorption (TPA).

12.2 Silicon Photonics Industrial Perspective

Silicon presents a compelling platform for integrated optics for both pragmatic
and technical reasons. From an economic perspective, the benefit is clearly
the infrastructure, toolsets, knowledge, and sheer capacity that have been
developed for silicon microelectronics. A further benefit of this development
is that it is expected to advance into the foreseeable future. Not only does this
mean that nanoscale lithography will soon become available for photonics, it
also means that the majority of optical devices, whose critical dimensions
are rarely less than 1μm, can be manufactured in older factories. If silicon
photonics maintain a degree of compatibility with the microelectronics already
in process at these facilities, photonics will find a friendlier environment to
run along existing products.

In addition to drafting on microelectronic advances, silicon photonics
will also benefit from the techniques under development in micromachin-
ing, such as those used to create silicon V-grooves for fiber arrays and for
micro-electromechanical-systems (MEMS) devices. These techniques can be
used to create silicon optical benches for hybrid assemblies or to simplify as-
sembly through the direct attachment of fibers and external light sources.
Rather than performing complex active alignments with the laser on, fibers
could be dropped into a V-groove or U-groove and lasers could be attached
“passively.”

The greatest benefit of silicon photonics is the promise of integration of
different types of devices into the silicon platform. Materials such as silica
support passive devices to route light but lack high-speed active devices to
manipulate light, while active materials such as indium phosphide require
yield-killing regrowths to integrate different types of devices. Silicon, on the
other hand, has both active and passive capabilities and the potential to
integrate them with much higher yield. If CMOS compatibility is maintained,
photonic devices could even be monolithically integrated with electronics.

Intel’s research in silicon photonics is in the first of three phases. The first
phase is to prove silicon’s viability as an optical material. Silicon does have



314 M. Paniccia et al.

active and passive optical capabilities, but the active ones have been limited in
performance. These capabilities must be scientifically extended and expanded
before enough functions exist to build useful integrated photonic modules. To
this end, Intel has focused most of its research on active capabilities such as
tuning, detecting, switching, modulating, and amplifying light. This research
has produced several scientific breakthroughs, including the high-speed mod-
ulator and the CW-Raman laser, which is detailed later.

Once the silicon photonics research community has produced a compelling
set of active optical devices, Intel hopes to enter a second phase of hybrid
integration. Starting with a silicon optical bench, in which electronics and
photonics are mounted on top of a micromachined silicon assembly platform,
researches will begin to integrate certain functions directly into the silicon.
For instance, a silicon MUX and detectors could be integrated to form a multi
channel receiver. Or, silicon modulators, lasers, and passive components could
be integrated to create a multichannel transmitter. This will happen only when
the integrated solution brings a benefit to the final module. This may be an
increased performance, a smaller form factor, or a lower total cost.

The final phase of research will be to approach monolithic silicon integra-
tion – putting all the components together to form modules that process light
in ways that could never be done before and at costs low enough to allow
them to become ubiquitous. This may include the light source, if there is a
breakthrough in silicon–emitters, and electronics if this brings a benefit and
if photonic-electronic integration challenges can be addressed.

Integration of optical devices will bring several benefits. The obvious ben-
efits are cost and size reduction. In addition, there will be less optical loss due
to the elimination of fiber interfaces. Assembly and test will also be simpler
and less costly since there are less independent devices. Likewise, reducing the
number of devices to align means less opportunity for flawed packaging, in-
creasing total yield. Integration of electronics with the optics could eliminate
the parasitic due to packaging, further reduce the size, cost, and packaging
complexity.

Many challenges will need to be addressed to make integration a real-
ity, some less obvious than others. Some of these include film topology, fab
contamination, thermal budgets, yield metrology, heat dissipation, process
complexity, and fiber coupling. Since the issues have already been detailed in
another work [1], this chapter only provides a survey of some of these issues.

Film topology is an issue due to the difference in feature heights for silicon
waveguides and silicon transistors. State-of-the art 90 nm lithography tools
have a depth of focus of only about 0.2μm. This suffices for a transistor,
which extends only 0.1μm above the wafer but becomes a problem when
etching a waveguide that might be several microns in height. The tool simply
cannot resolve feature variations of that magnitude. In order to use these
advanced tools, new planarization techniques must be developed to build up
a flat surface with an oxide or similar material, on which the next mask layer
can be reliably developed. This will also require high aspect ratio trenches
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to be etched into this layer if the silicon surface needs to be accessed. Film
topology is an issue for any silicon optics that are to be done in these facilities.

For optoelectronic integration thermal budgets pose a serious challenge.
For a microelectronic process, the flow of processing steps is dictated in large
part by the temperature. The magnitude and duration of a high-temperature
procedure such as an anneal determines the changes or damage that occur in
the materials that have already been deposited. High temperatures can dis-
place dopants, change crystal structures, and melt metals. In order to produce
low loss polysilicon waveguides, long anneals of several hours at up to 1100◦C
are necessary, forcing this to be one of the first processing steps. On the other
hand, if one seeks to make use of optical polymers with the silicon devices,
these must occur at the back end – even after metal depositions, since they
will be damaged by temperatures over 200◦C.

There are several other processing issues. The tools that exist to measure
important optical parameters, such as index of refraction, do not exist in mi-
croelectronic fabs. Furthermore, wafer level testing is essential for high yields
but is extremely challenging for planar photonic devices – creative methods
for surface coupling must be developed. For optoelectronic devices, the optical
devices will have to tolerate heat generated by the circuits themselves, which
could cause temperatures to vary by tens of degrees Celsius across the chip.
Finally, both optical integration and optoelectronic integration will result in
increased complexity and compromises in device design. All these issues must
be studied and solved to achieve high-yield, high-performance silicon photon-
ics devices.

Finally, there remain the issues of fiber coupling and optical assembly. If
standard SMF fibers are to be used it will be necessary to couple light into an
8–10μm fiber core. This is an issue for rib waveguides, which tend to be a few
microns in height and will be even more challenging for strip and photonic
crystal waveguides, which tend to be only a fraction of a micron in size. Tapers
and other coupling structures must be developed. Also, the fibers and any
other external optics (such as an InP light source) must be attached passively
to achieve low costs. Today’s state-of-the-art active alignments are manual and
complex and contribute significantly to the cost of optical products. If the de-
vice costs are to scale significantly, the packaging costs must scale with them.

These challenges can be overcome, but only with increased research and
innovation in both academia and industry. If a compelling set of active optical
functions can be developed, CMOS processing and compatibility issues can be
resolved, and creative methods for optical testing and assembly are developed,
then silicon photonics will be a reality. Sections 12.3 and 12.4 describe some
of Intel’s contributions to bring this vision closer to reality.

12.3 Silicon Modulator

An optical modulator is a key component of any optical communications link.
Optical modulators with speeds greater than 1 GHz are typically fabricated
from either the electro-optic crystal LiNbO3 [2, 3] or III–V semiconductor
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compounds and multiple quantum wells [4–7]. These devices have shown mod-
ulation frequencies in excess of 40 GHz [3, 7]. The demand for low-cost solu-
tions has prompted studies of silicon-based modulators. These are attractive
from a cost standpoint because mature silicon processing technology and man-
ufacturing infrastructure already exist and can be used to build cost-effective
devices in volume. In addition, silicon photonics technology provides the pos-
sibility of monolithically integrating optical elements and advanced electronics
on silicon using bipolar or CMOS technology [8].

Numerous silicon waveguide-based optical modulators have been proposed
and demonstrated [9, 10]. The majority of research has focused on using the
free-carrier plasma dispersion effect in a forward-biased p–i–n diode geome-
try. This is because unstrained pure crystalline silicon does not exhibit any
appreciable electro-optic effect [11]. Since the modulation speed due to the
free-carrier plasma dispersion effect is determined by the rate at which car-
riers can be injected and removed, the long recombination carrier lifetime in
the intrinsic silicon region generally limits the modulation frequency of these
silicon-based devices. Although there is literature showing theoretically that
∼1 GHz modulation frequency might be achievable by reducing the waveguide
dimensions to sub-micrometer range [12], the previous fastest demonstrated
speed of an optical modulator based on current injection in silicon-on-insulator
(SOI) was approximately 20 MHz [13,14]. These devices are of little practical
interest because today’s communication networks demand GHz performance.

Recently, a novel MOS capacitor-based silicon modulator has been pro-
posed, and it has experimentally demonstrated a modulation bandwidth of
2.5 GHz at optical wavelengths of around 1.55μm [15]. It uses a free-carrier-
based phase shifter in which a MOS capacitor is embedded in a silicon-based
rib waveguide. An applied voltage will induce an accumulation of charge near
the oxide of the capacitor, which will in turn modify the waveguide refrac-
tive index profile and ultimately the optical phase of light passing through it.
When placed in one or both arms of a Mach-Zehnder interferometer (MZI),
the phase shifter(s) can change the relative phase difference between waves
passing through the two arms of the MZI. The phase modulation will thus
lead to an optical intensity modulation. Because charge transport in the MOS
capacitor is governed by majority carriers, device bandwidth is not limited
by the relatively slow carrier recombination processes of p–i–n diode devices.
As a result, this type of capacitor-based design has demonstrated high band-
widths that are unprecedented in silicon-based modulators. In the following,
we review the design, fabrication, and characterization of such MOS capacitor-
based silicon modulators.

12.3.1 Device Design and Fabrication

In the MOS capacitor phase shifter, the refractive index modulation occurs
as a result of charge density changes in the vicinity of the gate oxide. There-
fore, one would expect that the phase modulation efficiency to be strongly
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dependent on the phase shifter dimensions and gate position. To experimen-
tally verify this, numerous phase shifters with different waveguide geometries,
gate oxide positions, and gate oxide thicknesses have been designed and fab-
ricated [16]. Figure 12.1 shows schematic cross-sectional views of two repre-
sentative devices. Each comprises an n-type doped crystalline silicon layer
(the silicon layer of the SOI wafer) and a p-type doped poly-silicon (poly-Si)
layer with a thin horizontal gate oxide sandwiched between them. The poly-Si
is formed by first depositing amorphous silicon using low-pressure chemical
vapor deposition (LPCVD) at 550◦C; this amorphous film is then crystallized
into poly-Si using a high-temperature anneal. The annealing process is de-
signed to minimize poly-Si grain boundaries, which can cause optical loss and
limit electrical activation of dopants [17,18]. The n-type silicon has an active
doping concentration of ∼1.7× 1016 cm−3, and the poly-Si has an active dop-
ing concentration of ∼5× 1016 cm−3. These doping concentrations are chosen
to target high speed phase modulation and acceptable optical transmission.

Table 12.1 summarizes and compares the relevant physical parameters of
the different phase shifter designs considered. Designs B–E have 2.5-μm wide
ribs and varying silicon slab thicknesses. Designs G and G1 have narrower ribs

y

x
(b)(a)

n-Si n-Si

Silicon substrate Silicon substrate

p-poly-Si p-poly-Sioxide
oxide

gate oxide gate oxide

metal contact metal contact

Buried oxide Buried oxide

n-type Si n-type Si

Fig. 12.1. Cross-sectional views of two representative MOS capacitor waveguide
phase shifters in SOI: (a) design with metal contact directly above waveguide rib,
and (b) design with metal contacts on poly-Si wing

Table 12.1. Physical parameters of the six phase shifter designs

rib rib poly-Si silicon gate oxide
device width height Thickness thickness thickness poly-Si
design (μm) (μm) (μm) (μm) (nm) Wing?

B 2.5 0.8 0.8 2.0 12 No
C 2.5 0.9 0.9 1.6 12 Yes
D 2.5 0.8 0.8 1.4 12 No
E 2.5 0.9 0.9 1.4 12 Yes
G 1.65 0.9 0.9 0.9 12 Yes
G1 1.65 0.9 0.9 0.9 6 Yes

Refer to Fig. 12.1 for schematics of device cross-sections
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of 1.65μm and thinner silicon slabs of 0.9μm. They are different from each
other in that they have different gate oxide thicknesses. The dimensions given
in the table are obtained from cross-sectional scanning electron microscope
(SEM) images of fabricated devices. Because the sidewalls of the waveguide
ribs are not perfectly vertical, rib widths are measured at the midpoint of
the ribs.

As illustrated in Table 12.1, thicknesses of the silicon and gate oxide lay-
ers are varied. By design, the position of the horizontal gate oxide in the
waveguide is changed by changing the silicon layer thickness. To contact the
p-type poly-Si, aluminum pads are deposited directly on top of the rib for some
device designs (B and D), as shown in Fig. 12.1a. To make ohmic contacts to
the metal, both the crystalline silicon and poly-Si have a high surface doping
concentration of 1 × 1019 cm−3. To reduce optical loss due to the metal [19]
contacting the poly-Si rib and the associated high doping, other device de-
signs contain a 0.2μm thick top poly-Si layer, which is designated the poly-Si
wing, above the silicon dioxide layers on both sides of the rib. Here aluminum
contacts, along with the high concentration doping, are placed on top of this
poly-Si wing, away from the rib, as shown in Fig. 12.1b. The oxide regions
on either side of the rib maintain horizontal optical confinement and prevent
the optical field from penetrating into the metal contact areas. Vertical optical
confinement is provided by the ∼0.375-μm buried oxide and an oxide cap (not
shown). Modeling and testing confirm that all phase shifters are single-mode
devices at 1.55μm, the wavelength of interest.

12.3.2 Theoretical Background

In accumulation, the n-type silicon in the MOS capacitor phase shifter is
grounded and a positive drive voltage, VD, is applied to the p-type poly-Si,
causing a thin charge layer to accumulate on both sides of the gate oxide.
The voltage-induced charge density change ΔNe (for electrons) and ΔNh (for
holes) are related to the drive voltage by [20]:

ΔNe = ΔNh =
ε0εr

etoxt
[VD − VFB] , (12.1)

where ε0 and εr are the vacuum permittivity and low-frequency relative per-
mittivity of the oxide, e is the electron charge, tox is the gate oxide thickness,
t is the effective charge layer thickness, and VFB is the flat-band voltage of
the MOS capacitor.

Due to the free-carrier plasma dispersion effect, the accumulated charges
modify the optical properties of the silicon [11, 21]. For a wavelength of
1.55μm, the refractive index and absorption changes due to accumulated elec-
trons and holes were obtained from experimental absorption spectra through
Kramers–Kronig analysis by Soref and Bennett as [22]:

Δn = Δne + Δnh = −8.8 × 10−22ΔNe − 8.5 × 10−18 (ΔNh)0.8
, (12.2)
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Δα = Δαe + Δαh = 8.5 × 10−18ΔNe + 6.0 × 10−18ΔNh, (12.3)

where ΔNe and ΔNh are in units of cm−3 and Δα is in units of cm−1. The
change in refractive index results in a phase shift Δφ of the optical mode
given by:

Δφ =
2π
λ

ΔneffL, (12.4)

where L is the length of the phase shifter and Δneff is the effective index
change in the waveguide before and after charge accumulation.

To model the phase shift, as well as transmission loss, a fully vectorial
Maxwell waveguide solver based on the film mode matching method [23] is
used to solve the waveguide mode. A complex effective index of the waveguide
mode is obtained for each phase shifter design. The real part of the complex
effective index is used to calculate the phase shift and the imaginary part is
used to simulate the optical loss of the phase shifter.

12.3.3 DC Characterization of Phase Shifters

Two figures of merit are used to compare the device performance of the dif-
ferent designs: phase modulation efficiency and transmission loss. For phase
modulation efficiency, (12.1) and (12.4) clearly show that drive voltage and
device length are two of the primary determinants. The VπLπ product is there-
fore chosen, where Vπ is the drive voltage swing (or VD − VFB) and Lπ is the
device length required for a π-radian phase shift. The goal is to minimize
VπLπ, lower the required drive, and shorten the device length. For all device
designs, the same electric field strength VD/tox = 0.5 V/nm is maintained
to determine Lπ. For instance, the drive voltage VD is 6 V for a 12-nm gate
device and 3 V for a 6 nm gate device. The electric field strength is monitored
and kept constant to ensure that all devices operate with the same desired
reliability [24]. For transmission loss, it is not enough to simply minimize the
standard parameter of loss per length. The goal is to minimize loss per device
length required for a π-radian phase shift: dB/Lπ.

Due to the geometric asymmetry of the waveguides and the presence of the
horizontal gate oxide, the phase shifters are expected to exhibit strong polar-
ization dependence. Because the TE mode is more tightly confined inside the
waveguide as compared to the TM mode, it interacts more strongly with
the accumulated charges. As a result, all data given are for TE polarization.

Phase Modulation Efficiency

The phase modulation efficiency of the devices is measured using a free-space
interferometric test setup in which one arm contains the device under test, and
the other contains commercial liquid crystal phase modulators. Polarization
of the input beam is controlled with a half-wave plate. This setup allows
accurate measurement of phase shift and has good sensitivity - phase shifts
as small as 0.005π can be measured.
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Fig. 12.2. Phase shift Δφ vs. drive voltage VD of phase shifter design E at a
wavelength of λ = 1.55μm for different device lengths. The symbols represent the
measured phase shifts and the solid lines are the simulated phase shifts

A representative sample of phase shift data is given in Fig. 12.2. It shows
the measured and modeled phase shift of design E as a function of the drive
voltage for different phase shifter lengths, L = 1, 2.5, 5, and 8 mm. The sym-
bols represent experimental data and the solid curves are the modeled results.
As the figure illustrates, there is good agreement between simulation and mea-
surement for all device lengths. The phase shift is almost linearly dependent
upon the drive voltage. The data also confirm the linear dependence of the
phase shift on the phase shifter length for a given drive voltage, as expected
from (12.4). Using data in Fig. 12.2, and taking into account the flat-band volt-
age of VFB = 1.25 V [15], a VπLπ product of 7.8 V cm is obtained for design E.
Phase shifters based on this design are used for speed measurements [15].

Figure 12.3 summarizes the measured and modeled VπLπ products of
the five phase shifter designs with 12-nm gate oxide (designs B–G). Clearly, the
phase efficiency of the devices is strongly affected by the waveguide dimensions
and the position of the horizontal gate oxide. For designs B–E, as the total
waveguide height is reduced and the gate oxide is moved closer and closer
to the center of the optical mode, the interaction between the accumulated
charges and the optical mode is consistently enhanced. The result is a con-
sistent drop in the VπLπ product, from 35.6 to 7.8 V cm. For design G, which
has even smaller waveguide dimensions and more centrally positioned gate
oxide, its VπLπ product is 3.3 V cm, which represents a greater than two times
improvement over that of design E.

In addition to strengthening the interaction between the optical mode and
the charge carriers, another way to improve VπLπ is to increase the number
of accumulated carriers per volt of electrical drive. One simple approach is
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Fig. 12.3. VπLπ products of the five phase shifter designs with 12-nm gate oxide
thickness. Black bars represent measured data and white bars represent modeled
values

to reduce the gate oxide thickness tox. As (12.1) illustrates, to maintain the
same accumulated charge density change ΔNe and ΔNh, the voltage swing
VD −VFB can be reduced when tox is thinned. The ultimate result is of course
a reduction in VπLπ. One has to be careful here because thinning the gate has
the adverse effect of increasing capacitance, which will ultimately suppress
device speed by increasing the RC time constant. To compensate, one can
reduce capacitance by shrinking device dimensions. This not only shrinks the
width of the gate capacitor, but because device phase efficiency improves with
reduced waveguide dimensions (as shown earlier), but reduces the capacitor
length as well.

Phase shifter designs G and G1 can be compared to illustrate the oxide
thickness – phase efficiency dependence. By reducing the oxide thickness by
50% from 12 to 6 nm, VπLπ drops nearly 60% from 3.3 to 1.4 V cm. VπLπ is
not halved, as predicted by (12.1), because as the gate oxide is thinned, it
perturbs the optical mode less. Linecuts of modeled mode profiles of the two
designs show that G1, with the thinner 6-nm gate, has a stronger optical field
in the vicinity of the gate oxide. The result is of course an enhancement in
the interaction between the optical field and charge carriers. Of all the phase
shifter designs included in Table 12.1, design G1 has the best phase efficiency
of 1.4 V cm. It has the smallest waveguide dimensions, the most centered gate
oxide placement, and the thinnest gate oxide.

Transmission Loss

Transmission loss of the phase shifters is determined experimentally using
the cutback method [25]. For each design, multiple identical devices at four
different lengths are measured. Light is coupled into and out of the waveguides
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using lensed single-mode fibers with ∼3.3-μm spot size. An in-line polarization
controller is adjusted to maintain the input beam at TE polarization.

Phase shifter designs B and D have high transmission loss because their
metal contacts and high concentration doping are directly on top of the
waveguide rib. Design D, for instance, has a loss of 36 dB/Lπ. To lower loss
to 12 dB/Lπ, the total area that the metal and doping come in contact with
the phase shifter was reduced by 98%. This is done by substituting the long,
continuous metal contacts that cover the entire length of the phase shifters
with multiple, short metal contacts that are spaced far apart. This approach,
however, is not practical because it will significantly suppress device speed.
The solution is to move the contacts and high-concentration doping away from
the optical mode but close enough to maintain high-frequency response. As
a result, the poly-Si wing design of Fig. 12.1b was implemented for the other
phase shifters.

Figure 12.4 compares measured and modeled loss data for design D (with
long and short metal contacts) and two designs with poly-Si wing. The data
show that design E, which has very similar waveguide dimensions and gate
oxide position as design D, has a slightly lower loss of 10 dB/Lπ. This result
confirms that putting the metal and high concentration doping on the poly-Si
wings is a very effective way of minimizing contact loss. The question now
is how to reduce the remaining loss of 10 dB/Lπ. Modeling shows that 9%
of the optical mode is in the poly-Si regions of the rib waveguide. Although
significant effort was spent to improve dopant activation in poly-Si and re-
duce transmission loss, the poly-Si material with 5× 1016 cm−3 active doping
concentration still has a loss of ∼50 dB/cm. This poly-Si loss alone translates
to 7.4 dB/Lπ (9% × 50 dB/cm × 1.65 cm/Lπ). It is therefore clear that to im-
prove phase shifter loss, poly-Si material loss must be reduced. Also shown in
Fig. 12.4 is the loss data for design G1. It suggests that transmission loss per
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Lπ increases with reduced waveguide dimensions and more centered gate oxide
position. The reason is that although the waveguide design changes resulted
in a ∼ 2× increase in mode overlap with the accumulated charge carriers to
improve phase efficiency, they resulted in even higher mode overlap, ∼ 2.5×,
with the lossy poly-Si. In order to simultaneously improve phase efficiency and
loss per Lπ for these device designs, poly-Si loss again needs to be reduced. If
the poly-Si region is replaced by single-crystalline silicon, designs E–G1 have
modeled transmission losses less than 4 dB/Lπ.

12.3.4 AC Characterization of Modulation Speed

To characterize the frequency response of the MOS-capacitor phase shifters,
optical intensity modulation is needed. As a result, MZI structures have been
fabricated with design E phase shifters imbedded in one or both waveguide
arms. Design E has been chosen because it has relatively high phase efficiency
and sufficiently low transmission loss. Compared to design G, it also allows
better optical coupling due to its larger waveguide cross-section.

To determine the intrinsic bandwidth of the modulator, a small-signal mea-
surement is performed using an MZI with a single 2.5-mm phase shifter. The
overall length of the MZI modulator is 16 mm, which includes input and out-
put waveguides, 3 dB splitters, and the two MZI arms. To facilitate laboratory
testing, the arms have a path length difference of ∼16.7μm, which allows for
tuning of the interferometer bias point via small adjustments to the input laser
wavelength. To ensure that the MZI operates in a high-sensitivity region, an
input wavelength of 1.558μm was chosen and the MOS capacitor was biased
into accumulation with 3 VDC. A constant amplitude AC source was delivered
to the 17 pF MOS capacitor through 50-Ω coax cable, a short section of 50-Ω
PCB trace, and a simple network of resistors near the phase shifter to form
an approximate broadband 50-Ω termination. Because of the nonideal source
termination, the voltage arriving at the phase shifter bond pad was monitored
with a 6-GHz high-impedance oscilloscope probe. The optical output of the
modulator was collected in a 15-GHz high-frequency photoreceiver and mea-
sured on an electrical spectrum analyzer. Figure 12.5a shows these measured
values. The normalized response of the device (photoreceiver output/on-chip
voltage) is presented in Fig. 12.5b and shows that the phase shifter has an
intrinsic bandwidth of greater than 2.5 GHz (as determined from the −3 dB
point).

To investigate the data transmission performance of the modulator, a dif-
ferent MZI design is used. It has an overall length of 15 mm with two arms of
nominally equal length (13 mm). Each arm comprises a 3.45-mm long high-
speed RF (design E) phase shifter and two ∼4.75-mm long low-speed phase
shifters that can be driven with DC voltages to electrically bias the MZI at
quadrature. High-speed operation requires the use of a low-impedance drive
circuit. A custom IC is developed and used [26]. It is manufactured using
a 70 GHz-FT SiGe HBT process and employs a push–pull emitter coupled
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Fig. 12.5. (a) On-chip modulation voltage (VRMS) and photoreceiver output of
an MZI containing a single 2.5-mm phase shifter, and (b) phase shifter normalized
response (photoreceiver output/on-chip voltage) showing an intrinsic bandwidth of
approximately 2.5 GHz. The device was biased into accumulation with a 3 V DC
bias

logic (ECL) output stage, which is wire bonded directly to the RF phase
shifter; as a result, the modulator is operated in push–pull configuration [27].
First, a DC voltage of −5.2 V is applied to the n-type silicon slab. Then DC
voltages applied to the 4.75-mm phase shifters are adjusted to bias the MZI
at quadrature. Finally, an AC voltage swing in excess of 2 V is applied to the
3.45-mm high-speed phase shifters; the associated DC bias is chosen such that
the entire AC swing is above the flat-band voltage [15].

Figure 12.6 shows the measured eye diagram of the MZI modulator at
λ = 1.55μm. The data are generated using a 2.5-Gbps pseudorandom bit
sequence (PRBS) source and collected using an optical plug-in module of
a digital communications analyzer (DCA). It shows 2.8-dB extinction ratio
(ER), 160-ps rise time, and 151-ps fall time. Testing of the driver into a test
capacitive load that simulates the phase modulator shows a peak-to-peak
voltage swing of 2.1 V. Calculations suggest that this output voltage should
yield enough phase shift for an ER of 2.6-dB from the MZI, which is in good
agreement with measurement.

12.3.5 Modulator Bandwidth Scaling

Our modulator with MOS capacitor phase shifters has demonstrated band-
width performance previously unseen in silicon modulators, but the work
is just beginning. In fact, all performance parameters discussed – efficiency,
transmission loss, and frequency response – can be further improved. Given
the history of silicon modulator development, improving frequency response
is particularly pressing. Because the speed of the MOS capacitor-based phase
shifter is governed by device resistance and capacitance, the path to higher
speed involves reducing both these parameters. What needs to be done is
therefore fairly obvious: reduce poly-Si and silicon resistances with higher
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Fig. 12.6. Measured 2.5 Gbps eye diagram of MZI modulator with two 3.45-mm
high-speed MOS capacitor-based phase shifters

doping and reduce capacitance by shrinking device dimensions. Both these
approaches, however, translate to higher transmission loss because loss in-
creases with (1) increased doping and (2) smaller size in that the overlap
between the optical mode and the lossy poly-Si is increased.

To achieve higher modulation bandwidth, the focus should therefore be on
improving poly-Si loss and dopant activation or, better yet, replacing poly-Si
with a low loss and high dopant activation alternative such as single-crystalline
silicon. The challenge, however, is to grow single-crystalline material on amor-
phous films such as the gate oxide. A process called epitaxial lateral over-
growth (ELO) is employed [28]. Using the ELO technique, crystalline silicon
has been successfully grown on top of gate dielectric. Phase shifters with ELO-
Si rib were designed, fabricated, and characterized [29]. They have 1.6-μm rib
width, 0.65-μm rib height, 0.9-μm waveguide slab, and 11-nm gate thickness.
The doping concentration is ∼2×1017 cm−3 for the Si slab and 1×1018 cm−3

for ELO-Si rib. These doping levels are not optimized because device resis-
tance is likely limited by the Si slab resistance such that the ELO-Si rib doping
level can be lowered without any significant impact on speed. Compared to
some of the best poly-Si based MOS phase shifters discussed earlier, these
ELO-Si devices have comparable phase efficiency and transmission loss: 3.4 V
cm and 9 dB/Lπ. Nonetheless, it should be noted that these ELO-Si devices
have much higher active doping concentrations to target high-bandwidth per-
formance. If poly-Si is still used for the waveguide rib, loss is expected to be
15 dB/Lπ.

To understand the intrinsic bandwidth of the ELO-Si modulator, the im-
pedance of 315-μm long phase shifter sections is measured. The data are given
in Fig. 12.7. Note that test structures, with ELO-Si rib and high dopant con-
centrations, have capacitance of 2.4 pF and resistance of 6.5 Ω. The RC cutoff
frequency, (2πRC)−1, is therefore in the range of 10 GHz.

To investigate the data transmission performance of the ELO-Si modula-
tor, the same MZI design described earlier is used: a 15-mm long device with
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Fig. 12.7. Impedance of a 315-μm long phase-shift segment from the ELO-Si device.
The reactance matches an ideal capacitor of 2.4 pF and the resistance is approxi-
mately 6.5 Ω, giving an RC cutoff of 10.2 GHz

two arms of nominally equal length of 13 mm. Optical characterization of the
MZI modulator shows that it has an on-chip loss of ∼10 dB, of which 3.5 dB is
due to the high-speed RF phase shifters, 2.5 dB is due to the low-speed phase
sections to bias the MZI, and the remaining 4 dB is likely due to combination
of the voltage-induced free-carrier absorption (FCA) of (12.3) and unopti-
mized design of the splitters and bends. To characterize data transmission
performance, the MZI is again copackaged with a custom driver IC that is
similar to the one used to demonstrate 2.5 Gbps transmission. The driver op-
erates from a single-ended power supply in the range of 3.3–3.9 V and delivers
up to 1.6 Vpp (3.2 Vpp differential) into 27 pF phase shifter when operating at
8 Gbps [26]. Testing shows that a slightly lower AC voltage swing of 1.4 V is
applied to the ELO-Si rib of the RF phase shifters; the associated DC bias
is chosen such that the entire AC swing is above the flat-band voltage [15].
Figure 12.8a shows the measured eye diagram of the device at λ = 1.55μm.
The data are generated using a 6-Gbps 232−1 PRBS source and collected using
an optical plug-in of a DCA. The eye diagram shows 4.5 dB ER and 57 ps rise
time (Tr), which gives a nominal bit rate, defined as BRnom = (3 × Tr)−1, of
6 Gbps. Even though these ER and data rate represent a significant improve-
ment over the previous best of 1.3 dB at 4Gbps [26], 6 Gbps is significantly
lower than the predicted 10-GHz intrinsic bandwidth of the device, as deter-
mined from the RC cutoff. Further analysis reveals that it is first the wirebond
inductance (estimated to be 0.7 nH) with an LC cutoff frequency of ∼3.9 GHz
and then the driver itself that are limiting bandwidth performance – testing
of a modulator with 20% lower RC gave the same rise and fall times. The
modulators were also tested with 10-Gbps PRBS input, a representative eye
diagram is given in Fig. 12.8b. Note that the eye is open and near rail-to-rail
transmission with 3.8 dB ER is obtained. Note that the edge rates and jitter
change gradually as data rate is increased. The use of electronic equalization
in the receiver could improve eye margin at 10 Gbps.
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Fig. 12.8. Optical eye diagrams of modulator copackaged with CMOS driver; both
eye diagrams have the same vertical and horizontal scales. (a) 6 Gbps: ER, Tr,
and Tf are 4.5 dB, 57 ps, and 54 ps, respectively. (b) 10Gbps: ER, Tr, and Tf are
3.8 dB, 55 ps, and 56 ps, respectively. The modulator speed is limited by the driver
performance

Even with the much improved performance of the ELO-Si modulator,
the MOS-capacitor design can be further optimized. The following discus-
sion shows, by semiconductor device simulations, that it is possible to achieve
10-GHz modulation bandwidth and beyond in a silicon modulator with an
on-chip optical loss less than 2 dB [30]. As the phase modulation frequency is
determined by the rate of the carrier density modulation in the device, one can
model the transient response of the phase shifter to predict the device speed.
To do so, a two-dimensional (2D) device simulation package DESSIS is used.
This device simulation tool employs the “box discretization” method [31] to
solve the coupled Poisson equation and electron and hole continuity equa-
tions that govern charge transport in semiconductor devices. This is used to
predict the electrical characteristics associated with specified physical struc-
tures and conditions. In addition, the simulation tool incorporates advanced
semiconductor physics models to account for carrier statistics, doping-and
field-dependent carrier mobility, and doping-dependent carrier recombination
lifetimes. In the transient device modeling, a step-like drive voltage is applied
to the phase shifter and the time dependence of the induced charge density
at the oxide/silicon interfaces is calculated. The 3-dB modulation bandwidth
Δf is then obtained from [32]:

Δf =
0.35
Tr

, (12.5)

where Tr is the modeled rise time of the phase shifter in response to the step-
like applied voltage. The rise time is defined as the duration during which
the induced charge density in the MOS capacitor increases from 10% to 90%
of its peak value. It is worth noting that as per measurement convention we
have used the 20% and 80% points to calculate Tr and Tf for the eye diagram
analysis presented above.

The 3-dB modulation bandwdith of a MOS capacitor phase shifter with
the following dimensions is modeled: rib width is 1μm, rib height is 1μm, gate
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Fig. 12.9. (a) Doping profiles ND(x) and NA(x) for the thin (0.15μm) n-type and p-
type silicon layers in the MOS capacitor phase shifter. (b) Modeled 3-dB bandwidth
and optical loss as a function of the doping concentration for a device with a 6-nm
gate oxide. The optical loss is for a device length that leads to π/2 phase shift at a
drive voltage of VD = 3V. The wavelength is λ = 1.55μm

oxide thickness is 6 nm, and gate oxide is located vertically in the middle of
the waveguide. It is assumed that the n-doping concentration is 5×1015 cm−3

except for the top thin (0.15μm) layer with a doping profile ND(x) illus-
trated in Fig. 12.9a. For the p-type region, the doping concentration is NA

inside the waveguide and the top thin (0.15μm) layer has a doping profile
NA(x) shown in Fig. 12.9a. In the simulation, it is assumed that NA = ND

and the doping widths are WA = 1.0 and WD = 2.0μm. The simulated
results are shown in Fig. 12.9b; the 3-dB modulation bandwidth increases
with an increase in the doping concentration. When the doping level reaches
∼1.5 × 1017 cm−3, a 10-GHz bandwidth is obtained. Figure 12.9b also shows
that the modulation bandwidth can be scaled to even higher values with higher
doping concentrations.

It is also worth noting again that increasing the modulation speed by
increasing doping concentrations also increases the transmission loss due to
FCA, as is evident from (12.3). To quantify such effects, phase shifter loss is
also modeled as a function of the doping concentration. As the phase shifter
length is only required to achieve π/2 phase shift for push–pull operation [27]
in an MZI modulator, phase shifter loss is modeled for a device length of Lπ/2.
With a gate oxide of 6 nm and at VD = 3 V, the modeled Lπ/2 = 1.94 mm.
Figure 12.9b shows that the optical loss of the phase shifter increases with
increasing the doping concentration. For a concentration of ∼1.5×1017 cm−3,
which leads to 10-GHz modulation bandwidth, the modeled phase shifter loss
is ∼0.7 dB. Note that ∼0.7 dB is the passive phase shifter loss without applied
voltage. An additional loss of ∼1 dB (for the required π/2 phase shift) due to
voltage-induced FCA should be included in the MZI loss in the “on” state,
in which the optical transmission of the modulator reaches the maximum
value. In addition, the MZI modulator loss will include the Y-junction loss
and passive waveguide loss due to light scattering, induced, for example, by
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sidewall roughness. With development of the advanced fabrication technology,
it is expected that these losses could be minimal, as low transmission loss
in small waveguides on SOI is well established. In this manner, modeling
suggests that an optimized device can achieve 10 GHz modulation bandwidth
with <2 dB optical loss.

12.4 Silicon Laser and Amplifier Based on Stimulated
Raman Scattering

Coherent light generation and amplification in silicon has been one of the most
challenging goals in silicon photonics [25,33,34]. Because of the indirect band
gap, bulk silicon shows very inefficient band-to-band radiative electron–hole
recombination. Light emission in silicon has thus focused on the use of silicon
engineered materials such as nanocrystals [34–37], Si/SiO2 superlattices [38],
erbium-doped silicon-rich oxides [39–42], surface-textured bulk silicon [43],
and Si/SiGe quantum cascade structures [44]. SRS has recently been demon-
strated as a mechanism to generate optical gain in planar silicon waveguide
structures [45–53]. However, due to the nonlinear optical loss associated with
TPA-induced FCA [47, 49, 54], so far net optical gain and lasing has been
limited to pulsed operation [55, 56]. To reduce FCA, we designed a silicon
waveguide with a built-in p–i–n diode structure, which allows the free carriers
generated in the TPA process be swept out of the waveguide by the electric
field when the p–i–n diode is reverse biased. We experimentally prove that the
nonlinear absorption is significantly reduced, enabling CW net optical gain
[57]. With optical coatings applied to the waveguide facets, an optical cavity
is formed, and we achieve CW lasing [58] in a silicon waveguide. The demon-
stration of Raman lasing in a compact, all-silicon, waveguide cavity on a single
silicon chip represents an important milestone toward practical CW optical
amplifiers and lasers that could be integrated with other optoelectronic com-
ponents onto CMOS fabrication compatible silicon chips.

12.4.1 Device Description

The silicon rib waveguide is fabricated on the 〈100〉 surface of an undoped
SOI substrate using standard photolithographic patterning and reactive ion
etching techniques. The rib waveguide width (W ), rib height (H), and etch
depth (h) are 1.5, 1.55, and 0.7μm, respectively. A cross-section SEM image of
a typical p–i–n waveguide is shown in Fig. 12.10a. The effective core area [59]
of the waveguide is calculated to be ∼1.6μm2 by using a fully vectorial
waveguide modal solver [60]. To increase the interaction length, the waveguide
is formed in an S-shaped curve with a bend radius of 400μm and a total length
of 4.8 cm (Fig. 12.10b). The straight sections of the waveguide are oriented
along the 〈011〉 crystallographic direction. To reduce the nonlinear optical
loss due to the TPA induced FCA, a p–i–n diode structure is fabricated along
the waveguide by implanting boron and phosphorus in the slab on either side
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Fig. 12.10. (a) Scanning electron microscope image of a typical p–i–n waveguide
cross-section. (b) S-shaped p–i–n waveguide with optical coatings on both facets to
form a laser cavity. For amplifier application antireflection coatings are used

of the rib waveguide with a doping concentration of ∼1 × 1020 cm−3. The
separation between the p- and n-doped regions was ∼6μm. Ohmic contacts
were formed by depositing aluminum films on the surface of the p- and n-
doped regions. This was followed by a SiO2-passivation layer deposition. The
doped regions and the metal contacts at the designed separation had negligi-
ble effect on the propagation loss of the waveguide because the optical mode
is tightly confined in the waveguide. This was verified experimentally. The
linear optical transmission loss of the S-bend waveguide was measured to be
0.4±0.1 dB cm−1 based on Fabry–Pérot resonance measurements of a polished
but uncoated waveguide [34].

When used as an amplifier, the waveguide facets are coated with anti-
reflection films. To form a laser cavity the front facet is coated, with a
dichroic film, having a reflectivity of ∼71% for the Raman/Stokes wavelength
of 1686 nm, and ∼24% for the pump wavelength of 1550 nm. The back facet
has a broadband high reflectivity coating of ∼90% for both pump and Raman
wavelengths (Fig. 12.10b).

12.4.2 Reduction of Nonlinear Loss with Reverse-Biased
p–i–n Diode

When a reverse bias is applied to the p–i–n diode, the TPA-generated electron–
hole pairs can be swept out of the silicon region between the p- and n-doped
regions, where the optical mode is located. If the carrier transit time across the
optical mode area is shorter than the free-carrier lifetime, then the transit time
becomes the effective carrier lifetime. This effective carrier lifetime, which is
associated with the free-carriers interaction with the optical mode, determines
the TPA-induced carrier density. By varying the reverse bias voltage, the
carrier transit time and hence effective carrier lifetime can be modified. In
the CW pumping case, the free-carrier density induced by the TPA is given
by [49,50]:
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N(z) =
τβ

2hν

P 2(z)
A2

eff

, (12.6)

where β is the TPA coefficient, P (z) is the pump power along the waveguide,
Aeff is the effective core area of the waveguide, hν is the one-photon energy
of the pump beam, and τ is the effective carrier lifetime. Taking into account
both the TPA and TPA-induced FCA, the pump power evolution along the
waveguide is described by the equation [49,50]:

dP (z)
dz

= −αP (z) − β

Aeff
P 2(z) − σN(z)P (z), (12.7)

where α is the linear absorption coefficient and σ is the FCA cross-section.
As evident from (12.6), the free-carrier density can be reduced if the car-
rier lifetime τ in the waveguide region is shortened. In turn, the FCA will
also be reduced. To experimentally verify this, we measured the transmitted
pump power vs. input power for a 4.8-cm long S-shaped silicon p–i–n diode
waveguide with AR coatings applied to both facets for various reverse bias
voltages. Results are presented in Fig. 12.11. The symbols represent the mea-
sured results and the solid curves are the modeled results by solving combined
(12.6) and (12.7). Figure 12.11 indicates that there is a good agreement be-
tween modeled and measured results for various reverse bias voltages. At low
input powers the output power is linearly dependent upon the input power.
As the input power is increased above 200 mW, the output power saturates,
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Fig. 12.11. Measured and modeled output power as a function of the input power
for a 4.8-cm long waveguide containing a reverse-biased p–i–n diode with various
bias voltages. Symbols represent the experimental data and curves are the modeled
results. The carrier lifetime is used as a fitting parameter for each bias voltage
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with the saturated output power depending upon the p–i–n diode bias. For
an open circuited p–i–n waveguide, the output power saturates to a constant
value of ∼180 mW independent of the input power. Short circuiting and
reverse biasing the p–i–n structure allows current to flow, which removes the
free carriers from the optical mode and reduces the effective carrier lifetime,
thus increasing the output intensity. This demonstrates that reduction in the
FCA is achievable with this device structure.

By comparing the modeling and experiment, we can determine the effective
carrier lifetime in the p–i–n diode waveguide. As the carrier lifetime depends
on the reverse bias voltage, we use it as a fitting parameter. Other parameters
used in the modeling are the linear absorption coefficient of α = 0.39 dB/cm,
the previously reported TPA coefficient of β = 0.5 cm/GW [49, 50], and the
FCA cross-section of σ = 1.45 × 10−17 cm2 [11] at a wavelength of 1.55μm.
When the p–i–n diode is open (no current flow is allowed), the modeled carrier
lifetime is ∼16 ns. When the p–i–n diode is short circuited (external bias is
0 but current flow is possible due to the internally built-in potential of the
p–i–n), the carrier lifetime is much shorter (τ = 6.8 ns). By increasing the
reverse bias voltage, the carrier lifetime is further reduced, and at a reverse
bias of 25 V, an effective carrier lifetime of ∼1 ns is obtained.

12.4.3 Measurement of CW Optical Gain

To measure the gain of the silicon waveguide containing a p–i–n diode, we
performed a pump–probe experiment. The experimental setup is shown in
Fig. 12.12. The pump and probe lasers are combined with a wavelength mul-
tiplexer into a lensed single-mode fiber whose output is used to couple to the
waveguide under investigation. The output beam of the waveguide is colli-
mated by a 50× objective lens, and a long-wavelength pass optical filter is
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controller
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controller
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Filter

V+

Fig. 12.12. Experimental setup of CW gain measurement, DUT is the device under
test
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used to separate the pump and probe beams. The probe beam passes through
the filter and is detected with a photodetector while the pump beam is blocked
by the filter. Fiber polarization controllers at the input to the device under
test allow both probe and pump beam polarizations to be independently con-
trolled. The device under test is mounted on a TEC and kept at a constant
temperature of 25◦C.

For the CW gain measurements, the pump laser is a CW-tunable external
cavity laser emitting around 1,548.3 nm, which is amplified using two EDFAs
to a maximum output power of 4 W. The probe laser is a 2-mW external
cavity tunable diode laser operating at around 1,684 nm. Both the pump and
probe laser sources have line widths of ≤100 MHz. The polarization of the
probe and the pump beam is aligned with the TE mode of the waveguide.

To measure the SRS gain, the transmitted probe power is measured at
the peak of the Raman gain profile (at the Stokes’ wavelength) and compared
to the input probe power. The input probe power is determined from the
measured transmitted probe power without the pump beam by factorizing
out the linear transmission loss of the waveguide.

Since the probe power is low, we ignore the pump depletion in the de-
scription of the pump-probe experiment. Taking into account the TPA and
TPA-induced FCA at the Stokes’ wavelength, the probe power [Ps(z)] in the
waveguide can be described by [50,59]:

dPs(z)
dz

= −αPs(z) − 2β − gr

Aeff
P (z)Ps(z) − σN(z)Ps(z), (12.8)

where gr is the Raman gain coefficient. Solving (12.8) using the pump power
obtained from (12.7) and with probe input power Ps(0)as an initial condition,
one obtains the net optical gain of the waveguide via:

G = 10 log
Ps(L)
Ps(0)

, (12.9)

where Ps(L) is the probe output power obtained from (12.8) and L the
waveguide length.

Figure 12.13 shows the net CW-Raman gain as a function of the pump
power inside the waveguide for a 4.8-cm long waveguide at various bias volt-
ages. The pump power is the power of the pump coupled into the waveguide
and is determined by measuring the power exiting the lensed fiber and fac-
torizing out coupling loss to the waveguide. The symbols represent the ex-
perimental data and the curves are the modeled results. In the modeling, we
used a linear loss of 0.39 dB/cm. At the Stokes’ wavelength, the FCA cross-
section is 1.71 × 10−17 cm2 [11]. Since the same waveguide was used for both
the nonlinear transmission and pump-probe measurements, the correspond-
ing carrier lifetime shown in Fig. 12.11 was used in the simulation of the net
gain in Fig. 12.13. The only fitting parameter is the gain coefficient gr. We see
from Fig. 12.13 that there is no net gain when the p–i–n diode is open. This is
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result. The Raman gain coefficient used in the simulation is gr = 9.5 cm/GW.

because, when the carrier lifetime is long, the Raman gain cannot compensate
for the loss due to the linear waveguide scattering loss, TPA and TPA-induced
FCA. When the diode is short circuited, the FCA is significantly reduced, but
there is still no net gain observed. Once the p–i–n is reverse biased net gain
is achieved. With a reverse bias of 5 V, we obtained a net gain of ∼2 dB with
a pump power of ∼700 mW. Using a higher bias voltage of 25 V, a net gain
of >3 dB is achieved for pump powers above 700 mW. From Fig. 12.13 we see
that experimental data agree relatively well with modeling results based on a
gain coefficient of gr = 9.5 cm/GW.

Figure 12.14 shows the net Raman gain, at a probe wavelength of 1684 nm,
as a function of the pump wavelength. The p–i–n bias was set at 25 V and
the pump power at 511 mW. For this configuration net Raman gain is ob-
served over 0.5 nm. Figure 12.14 also shows that the 3-dB linewidth of the
SRS spectrum is ∼100 GHz.

12.4.4 CW Laser Experiment

The laser cavity is formed by coating the waveguide facets with multilayer
films. The front facet coating is dichroic, having a reflectivity (Rf) of ∼71%
for the Raman/Stokes wavelength of 1,686 nm, and ∼24% for the pump wave-
length of 1,550 nm. The back facet has a broadband high reflectivity coat-
ing (Rb) of ∼90% for both pump and Raman wavelengths (Fig. 12.10b).
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The waveguide loss was measured to be 0.35 dB cm−1 prior to applying the
multilayer coating to the waveguide facet. Thus, the coating reflectivity can
be determined by measuring the linear optical transmission spectrum of the
same waveguides before and after application of the coating.

Figure 12.15 is a schematic of the Raman laser experiment. A CW external
cavity diode laser (ECDL) at 1,550 nm is amplified by an erbium-doped fiber
amplifier system to produce a pump beam of up to 3 W. The pump beam
passes through a polarization controller followed by a thin-film-based wave-
length demultiplexer and is coupled into the waveguide cavity by a lensed
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fiber through the dichroic-coated front facet. The Raman laser output and
the reflected pump beam are coupled back into the lensed fiber and separated
through the wavelength demultiplexer. The extracted laser output from the
reflection port of the demultiplexer is further filtered by a long wavelength
pass (LP) filter before being detected by a power meter or optical spectrum
analyser. The coupling loss between the lensed fiber and the waveguide was
measured to be ∼4 dB and the insertion loss of the demultiplexer and the
long-pass filter is ∼0.6 dB. The silicon chip is mounted on a thermoelectric
cooler and kept at a constant temperature of 25◦C.

At the pump wavelength, a low finesse cavity is formed by the low reflec-
tivity front facet and high reflectivity back facet. This configuration allows the
cavity enhancement effect [62–64] of the pump power to be utilized to lower
the lasing threshold. When the pump laser is tuned to the resonance of the
cavity, the circulating power inside the waveguide cavity is enhanced, and the
effective mean internal power (Ieff) inside the cavity can be expressed as [65]:

Ieff = Ii
1 − e−αL

αL

(1 − Rf)(1 + Rbe−αL)
(1 −√

RfRbe−αL)2
, (12.10)

where Ii is the incident pump power (less coupling loss), Rf and Rb are
the reflectivity of the front and back facets respectively, α is the absorption
coefficient, and L is the waveguide length. At low power, we can estimate the
power enhancement factor M = Ieff/Ii to be ∼2.2 using our experimental
parameters. At high powers, however, the absorption coefficient α increases
due to the TPA-induced nonlinear absorption, and M reduces accordingly.

Figure 12.16a plots the Raman laser output power vs. the input pump
power (Ii) coupled into the laser cavity depicted in Fig. 12.10b, at two dif-
ferent reverse bias voltages applied to the p–i–n diode. In the experiment,
the pump beam polarization is adjusted with a polarization controller and
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its wavelength is fine tuned to the cavity resonance to take advantage of the
cavity enhancement of the pump and maximize the laser output. The Raman
laser frequency is 15.6 THz red shifted from the pump laser. We see from
Fig. 12.11 that the lasing threshold reduces with increasing reverse bias volt-
age. The lasing threshold is ∼180 mW with a 25-V bias and ∼280 mW with a
5-V bias. The lower threshold and higher laser output power with higher re-
verse bias voltage are expected because the effective carrier lifetime is shorter,
resulting in lower nonlinear loss and higher gain [57]. For this waveguide cav-
ity, the total loss of the feedback mirrors (Rf = 71% and Rb = 90%) at lasing
wavelength is ∼2 dB, so ∼1 dB single pass net gain is needed to reach lasing
threshold. From previous measurements (Fig. 12.13), ∼1 dB net CW gain is
obtained at a pump power of ∼400 mW with 25-V reverse bias and ∼600 mW
with 5-V reverse bias. Taking into account the cavity enhancement factor of
∼2.2, the lasing threshold is expected to be ∼182 and ∼273 mW for a reverse
bias of 25 and 5 V, respectively, which is consistent with our measurements.
The slope efficiency (single side output) above threshold is ∼ 4.3% with a re-
verse bias of 25 V, and 2% with 5-V reverse bias. Figure 12.16a also shows that
the laser output power begins to saturate at a pump power >400 mW with
25-V bias and at a pump power >500 mW with 5-V bias. This is primarily
due to the nonlinear loss caused by the TPA-induced FCA as a consequence
of the nonzero carrier lifetime of the p–i–n waveguide, reducing the net gain
at higher pump powers. In addition, the cavity enhancement factor M for
the pump reduces with increasing nonlinear loss, lowering the effective pump
power in the cavity.

Figure 12.16b is a plot of the laser output spectrum measured with a
grating-based optical spectrum analyzer with 0.07 nm resolution. The input
pump power was ∼400 mW and a reverse bias of 25 V was applied to the
p–i–n. The CW laser output has over 55-dB side mode suppression and its
center wavelength corresponds to the appropriate Stokes’ shift. The displayed
linewidth is limited by the resolution of the spectrum analyser.

12.5 Conclusions

In this chapter we have presented optical characterization of a fast silicon
modulator capable of transmitting up to 10 Gbps data stream with an extinc-
tion ratio of 3.8 dB. We showed that the phase efficiency of the MOS capacitor
modulator can be significantly enhanced by reducing the waveguide dimen-
sion and properly placing the gate oxide in the waveguide. We demonstrated
a CW silicon Raman laser using a low-loss silicon waveguide. We showed that
the TPA-induced FCA in silicon can be significantly reduced by intruding a
reverse-biased p-i-n diode in the waveguide. As a result, we achieved net gain
in silicon large enough to compensate the cavity reflector loss. The demon-
stration of CW lasing in silicon represents an important milestone toward
integration of silicon-based optoelectronics.
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These recent breakthroughs in silicon photonics are important for both
technical and psychological reasons. Technically, they demonstrate the exis-
tence of core capabilities in silicon that had not yet been explored, namely
fast phase shifting and optical gain. These devices use the physical properties
of silicon along with the ability to control free carriers with familiar semicon-
ductor devices. They have applications beyond what has been presented here.
Fast optical phase shifters have potential application in optical switching and
dispersion compensation. Raman gain could also be used for modulation and
wavelength conversion.

Psychologically these achievements, when added to worldwide efforts by
researchers in silicon photonics, help to change silicon’s reputation as an op-
tical material. Recent advancements have been impressive, but it is essential
that universities, companies, and government institutions increase funding
and activities in silicon photonics R&D. The path is clear, but it must be
cleared of several obstacles before the end can be reached.

Researchers should keep CMOS fabrication compatibility in mind when
creating new technologies. If the intention is to benefit from the silicon man-
ufacturing infrastructure, compatible materials and processing tools must be
used. At the same time, the concept of CMOS compatibility extends beyond
silicon. Materials such as optical polymers and inorganic dialectics can be
straightforward to integrate into existing fabs. In fact these polymers are not
so different from the photoresist used for lithography.

Several basic functions still need to be developed or extended in silicon.
The most obvious is an efficient, compatible, room temperature light emitter.
Modulation speeds must continue to accelerate beyond 10 Gbps. Wavelength
conversion using the Raman scattering or other techniques should be explored.
Integrated optical isolators will also be needed to stabilize silicon transmitters.
In addition novel vertical couplers need to be developed to facilitate wafer level
testing of planer devices and creative, automated techniques will be required
for fiber coupling.

If researchers discover new capabilities and engineers develop methods to
manufacture them in standard silicon fabs, silicon photonics will explode as
a field and as a market. Today’s strained copper interconnects already limit
the potential of the world’s information technology. Silicon photonics presents
an opportunity to help create a world where computing, communication, and
the potential of the human race become unlimited.
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13

Free-Space Optical Interconnects

A.G. Kirk

Summary. Free-space optical interconnects (FSOI) have been widely studied as a
possible solution to the interconnect bottleneck at several levels of high-speed dig-
ital systems. Here we review the underlying principles of the design of FSOIs and
consider the physical limitations to interconnect density and distance. We discuss
the issue of tolerance to misalignment and compare different packaging approaches.
Throughout this chapter we illustrate the analysis with examples of recently imple-
mented systems.

13.1 Introduction and Motivation

13.1.1 Background

Free-space optical interconnects (FSOI) provide an alternative to the guided
wave approach to implement optical interconnects within high-performance
electronic systems. In free-space systems light is routed from transmitter to
receiver by way of discrete optical components (lenses and mirrors) rather
than continuous waveguides. Although the term ‘free-space’ implies that light
travels through air for most of its journey, in many cases the medium of prop-
agation is actually glass or plastic. Most FSOI systems are designed to route
several optical channels in parallel, and this can extend to more than 1,000
channels. The field of FSOIs emerged in the mid-1980s, having grown out of
several different research strands. In the 1970s the limitations of electrical in-
terconnects had already been identified, and proposals had been made for the
optical distribution of clock signals across different sections of microprocessor
chips [1]. At that time guided wave optics was in its infancy and a free-space
implementation which used diffractive optical elements (DOEs) to replicate
a single high-frequency clock signal seemed the most obvious choice. Also
around this time the concept of ‘optical computing’ was introduced and was
being used to refer to Fourier-plane optical signal processing techniques [2]
and also to attempt to implement optical neural networks and other more
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general purpose computing systems. In all these cases free-space optics was
used to relay light between different planes within the system, and the data
often took the form of a continuous image that was being processed. In these
systems the ‘interconnect’ was more than a simple point-to-point link and also
performed part of the processing operation. In the 1980s researchers (many of
them based in the AT&T laboratories but also elsewhere) were investigating
techniques to implement optical switching operations for telecommunications
networks and once again used free-space optics to interconnect ‘smart pixel’
arrays of optoelectronic devices [3,4]. However, by the late 1980s there was an
increasing recognition that electronic components are superior to nonlinear
optical components for information processing, and that in most applications
a digital data representation results in higher performance than an analog rep-
resentation. As a result there emerged the concept of ‘optically interconnected
electronics’ in which the optical interconnects form simple point-to-point links
between electronic devices. Figure 13.1 shows a generic free-space optical in-
terconnect design in which a single lens performs an imaging operation be-
tween the optoelectronic device arrays. As it is immediately obvious from this
figure, the attraction of the FSOI approach is that a multichannel intercon-
nect can be implemented with only one optical component. However, there
are equally obvious issues such as the degree of alignment precision required
between transmitter and receiver modules, the performance requirements of
the optical imaging element and the scalability of this approach that must
be addressed. In this chapter we will focus on some of these issues and will
show how the performance of FSOIs can be maximized. We will also provide
examples of demonstration systems that have been implemented by various
researchers.

Printed circuit
board 

Low speed electrical
connections

VLSI circuit

Transmitter
array

Optical
interconnect 

Receiver array

Fig. 13.1. Generic free-space optical interconnect
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13.1.2 Requirements for Free-Space Optical Interconnects

Before proceeding to discuss FSOI in depth, it is worth considering the per-
formance requirements for these systems. This will help us to evaluate the
various design choices and trade-offs that must be made. Some of these re-
quirements concern the capacity and format of the interconnect system (num-
ber of channels, interconnect distance, channel spacing) whilst others concern
the degree of assembly precision required, the reliability and the robustness
of the interconnect. Obviously, these will greatly depend on which level of
system the interconnect is deployed. Free-space interconnects have been pro-
posed for almost all system levels, from rack-to-rack applications to on-chip
interconnects [5]. However, for a number of reasons they have been considered
predominantly for chip-to-chip and board-to-board links. They are generally
considered to be unsuitable for rack-to-rack applications due to the need for
techniques to compensate for misalignment between racks and by the diffi-
culty in relaying a large number of parallel channels across relatively large
distances (of up to several metres). For this interconnect level, parallel fibre
ribbons have already been shown to be more suitable and 2-D fibre array
systems have also emerged [6]. For the on-chip interconnect level there is still
some discussion as to whether optics can actually help to reduce the inter-
connect bottleneck or not [7]. It is possible that there is a role for optics in
interconnecting different sections of large integrated circuits (ICs) but this re-
mains to be proven. Therefore we will principally consider the requirements of
chip-to-chip and board-to-board interconnects and try to identify the design
space in which FSOIs must operate. Since this technology is aimed at future
high-performance electronic systems, we refer to the International Technology
Road Map for semiconductors [8]. Figure 13.2 shows the projected increase in
VLSI transistor on-chip clock speed, off-chip clock speed, number of high-
speed off-chip clock lines and total off-chip I/O capacity as a function of time
for high-performance systems, taken from [9]. It can be seen that by 2014 the
off-chip clock speed is projected to reach 1.8 GHz and the width of the off-chip
bus is also projected to increase to 3,000 high-speed lines, with a total pro-
jected off-chip I/O capacity of 5 Tb s−1. The on-chip clock speed is projected
to reach 13.5 Gb s−1. From this data, we can obtain a view of the design space
for off-chip interconnects by the year 2014, under the assumption that the nec-
essary off-chip bandwidth will be 5 Tb s−1. This is shown in Fig. 13.3, where
the data rate per channel necessary to achieve 5 Tb s−1 is plotted as a function
of the number of parallel channels [9]. We have shaded different regions corre-
sponding to different possible optical interconnect formats. It seems apparent
that 1-D fibre ribbons will not be capable of delivering the necessary band-
width as data rates of more than 200 Gb s−1 per channel would be necessary
when, for example, a 24 fibre ribbon is used. The step up in density is provided
by fibre arrays. Recently 2-D fibre arrays have been developed for large-scale
micro-electromechanica-systems (MEMS) switch arrays and arrays from 8×8
to 36× 36 have been demonstrated [10]. However, volume fabrication of these
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elements remains to be properly developed. A 1,296 channel fibre array would
require per channel data rates of 3.85 Gb s−1, which is reasonable but for the
very short distances that we consider here, the limited bending radius and high
fabrication cost of fibre arrays may render them impractical. From Fig. 13.3
it is apparent that, if we assume that the optical interconnect channel data
rate is not to exceed the projected on-chip data rate of 13.5 Gb s−1 (which
would otherwise require the use of serialization/deserialization circuits) then
a 5Tb s−1 aggregate data rate implies the presence of 370 optical lines. Al-
ternatively if we assume that the off-chip optical links run at the projected
electrical off-chip clock speed of 1.8 Gb s−1 then this implies approximately
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2,700 optical lines. We suggest that these two values represent the boundaries
for optical solutions to the off-chip interconnect problem, and that they also
represent the domain in which FSOI represents a possible solution. Several
experimental free-space interconnects have achieved the lower end of the par-
allelism range [11–14] and we have recently reported an Optoelectronic-VLSI
(OE-VLSI) ASIC with 1,080 optical I/O that approaches the middle of the
required parallelism range [15]. Other researchers have demonstrated matrix
addressed vertical cavity surface emitting laser (VCSEL) arrays with 4,096
outputs [16,17].

Fibre image guides and fibre image conduits [18,19] represent another pos-
sible alternative high density interconnection medium. However, fibre image
guides suffer from transmission nonuniformity unless large channel spacings
are used, and questions also exist as to their potential for low cost fabrication.
Image conduits are closer to rivaling free-space optics in terms of performance.
Since they are also a rigid technology, a comparison should be made in terms
of cost and performance, but we will not consider them further here. It has also
been suggested that wavelength division multiplexing could be used as an al-
ternative to spatial multiplexing, but we will also not consider that option [20].

In addition to the number of channels, we also need to consider channel
density and interconnect distance. Future chip high-performance chip areas
are predicted to be 140 mm2 [8]. Using the channel counts estimated above
(370–2,700 channels), and assuming the entire surface of the die can be used
for surface-emitting light sources, then this implies a channel pitch of between
615 and 227μm. For chip-to-chip interconnects, the maximum distance is the
size of a board, i.e. approximately 50 cm. For board-to-board interconnects,
the distance may be as short as 2.5 cm (the typical interboard spacing) to
1 m (if the signal is to run the length of a backplane). We will consider the
practicality of this later in this chapter.

If any interconnect technology is to be adopted by system designers and
manufacturers then there are also many other important issues to consider,
including cost, reliability, ease of manufacture, ease of assembly, durability
and whether its adoption will place constraints on other aspects of system
design (for example cooling or electrical interconnections). We will consider
these issues too in a later section.

13.1.3 System Example

An example of an experimentally realized point-to-point FSOI is shown in
Fig. 13.4 [12, 21]. In this system two OE-VLSI [15] chips are bi-directionally
interconnected over a distance of 86 mm. Each chip contains 256 VCSELs and
256 photodetectors and operates at a wavelength of 850 nm. This interconnec-
tion distance was selected such that by inserting two additional prisms into the
beam path it could interconnect two boards in a bookshelf configuration [12].
The relay optics are based on clustered diffractive lens and the array density
that was achieved was 28 channels per mm2. This design was chosen to si-
multaneously maximize the interconnection distance and the channel density.
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Fig. 13.4. Experimentally realized 512 channel chip-to-chip optical interconnect
[12,21]

In the following sections, we will explain how this design was carried out and
compare it with other approaches.

13.2 Basic Principles of Free-Space Optical Interconnects

13.2.1 Light Propagation in Free-Space

Light is an electromagnetic wave and so will propagate through space. There
are many different methods that can be used to calculate the propagation of
light, depending on the degree of precision required, the propagation distance,
the ratio of any material dimensions to the wavelength of light and whether
a scalar or a vectorial solution is required. We will not attempt to provide a
full treatment of light propagation here but instead refer the interested reader
to the large number of texts that exist on this subject [22–24]. In many cases
of interest to FSOIs the scalar Helmholtz equation is sufficient to model the
propagation of light, which states that all allowed solutions must be of the
form ∇2U + k2U = 0, where U(x, y, z) is the light amplitude and k = ω/v
is the wave number for light of frequency ω and phase velocity v. For some
simple classes of source amplitude distributions, such as the point source and
the plane wave, we can calculate the propagation of the wave analytically. For
an arbitrary source distribution it is not possible to do this and either numer-
ical methods or approximations must be employed. One of the most widely
used approximations is the Fresnel–Kirchhoff diffraction integral which is rea-
sonably accurate for regions which are many wavelengths from the source
region [22]. One important conclusion from this analysis is that any wave-
front of finite extent will diffract and spread out as it travels through space.
Therefore all FSOIs, except those over very trivial distances, require lenses,
mirrors or other optical components to prevent the propagating waves from
spreading. In most cases of interest to FSOI designers the Fresnel–Kirchhoff
integral can be further simplified to obtain the Fresnel diffraction integral.
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13.2.2 Gaussian Beams

One other source amplitude distribution for which we can find an analytical
model for propagation is the Gaussian distribution [23] (in fact this model
makes use of a paraxial approximation to the scalar Helmholtz equation but
we will ignore that here). This is important because optical fibres and many
classes of lasers emit beams that are more or less Gaussian, and we will be
using the Gaussian beam extensively in designing FSOI systems. A Gaussian
beam is circularly symmetrical and has an intensity profile

I (r) = I0 exp
(

2r2

ω2

)
(13.1)

(see Fig. 13.5a) where ω is a parameter known as the beam radius and repre-
sents the radius at which the beam amplitude falls to 1/e2 (13.5%) of its peak
value. As the beam travels through space (along the z-axis) the beam radius
expands according to

ω (z) = ω0

(
1 +

z2

z2
R

) 1
2

, (13.2)

where ω0 is the initial beam waist and zR is a parameter known as the Rayleigh
range, given by

zR =
πω2

0

λ
, (13.3)

where λ is the wavelength of light (see Fig. 13.5b). From this we can see
that the behaviour of the Gaussian beam is entirely determined by the initial
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Fig. 13.5. Gaussian beam intensity profile (a) and evolution (b)
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beam waist and the wavelength. The more tightly confined the initial beam,
the more rapidly it will diverge. When the axial distance is several times the
Rayleigh range we approach an asymptotic regime where the beam appears to
diverge linearly, with divergence angle θ0 = λ/πω0, as shown in Fig. 13.5(b).
We can also see from this that beams that have a small beam waist will diverge
rapidly whilst those with a large beam waist will diverge slowly.

We can use lenses and mirrors to modify the divergence of Gaussian beams.
If a lens of focal length f is positioned so that the initial beam waist ω0 is a
distance x1 from the object focal point then a new beam waist ω1 is obtained
at position x2 from the image focal point, according to the equation

x2 =
x1f

2

x2
1 + z2

R

. (13.4)

Here the signs of x1 and x2 are defined according to the Newtonian convention
[23] so that x1is positive when it is to the left of the object focal point and
x2 is positive when it is to the right of the image focal point. The new beam
waist is given by

ω2
1 =

f2ω2
0

x2
1 + z2

R

(13.5)

from which we can see that depending on the relative magnitude of the initial
Rayleigh range zR and the focal length we can either focus the beam to a
smaller beam waist (and increase its divergence) or expand it (and reduce its
divergence). If the initial beam waist is placed at the object focal point (so that
x1 = 0) then we obtain the simple result that the second beam waist is given by
ω1 = fλ/πω0 = fθ0, which is the result that one would expect from geometric
optics. The new beam waist occurs at the image focus. If we wish to place the
new beam waist as far as possible from the lens (i.e. to obtain the maximum
possible optical throw) then study of (13.4) shows that this will be achieved
when x1 = zR (i.e. the source is one Rayleigh range in front of the object focus)
and that the new beam waist is found at a distance x2 = f2/2zR from the
image focal point. This is known as the maximum lens-to-waist configuration
and is often used when long relays are required. However, as we will see in
a later section it is also the least stable configuration in terms of alignment.
To give an idea of the difference this makes in terms of interconnect distance,
suppose that we wish to relay 633 nm light emitted from an optical fibre with
an initial beam-waist radius of 5μm (Rayleigh range=124μm) using a pair of
50 mm focal length lens then the maximum possible distance to the next 5μm
beam waist ω2 is 200 mm (four times the focal length, hence this is described
as a 4-f system). However if we use the maximum lens-to-waist configuration,
and place the source 124μm to the left of the object focus then x2 = 10.1 m
and so the next 5μm beam waist is obtained at a distance of 20.2 m from the
first, a 100-fold increase in interconnect distance.

One last issue that must be considered for Gaussian beams is the aperture
size necessary to transmit a beam without clipping it. Since the Gaussian
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beam intensity profile only goes exponentially to zero, any aperture will cause
some clipping. However, as a rule of thumb the aperture should be sufficiently
large to transmit at least 99% of the power in the beam. By integrating (13.1)
with respect to radius we obtain an expression for the fraction of power in a
Gaussian beam that is transmitted through an aperture of radius a, which is

P (a) = P0

[
1 − exp

(
−2a2

ω2

)]
. (13.6)

The 99% radius is approximately 1.5 times the beam radius. If the beam is
clipped more severely than this then the departure from the Gaussian intensity
profile will be too great and it will no longer be possible to use the Gaussian
beam model to predict the propagation of the beam.

In practice, the emission characteristics of real lasers will only be approx-
imately Gaussian. Real laser beams diverge faster than would be predicted
by a Gaussian beam analysis due to the departure of the wavefront from the
ideal Gaussian. In some cases it may be possible to model the beam as a su-
perposition of higher order Gaussian modes (either Gauss–Hermite or Gauss–
Laguerre depending on the resonator symmetry). Although in principle the
amplitude of each mode can be obtained from experimental measurements
this is not straightforward or accurate. A simpler approach is to determine
the M2 parameter for the laser beam. We can write the divergence of such a
beam as

ω(z) = ω0

[
1 +
(

z M2

zR

)2
]1/2

. (13.7)

This is obviously a modification of (13.2), where the parameter M2 has been
introduced. For an ideal Gaussian beam M2 = 1, whereas for real lasers M2

may be of the order of 2 to 3. This can be readily be determined experimen-
tally.

13.2.3 Refractive and Diffractive Micro-Optical Elements

We obviously need suitable optical components in order to control the prop-
agation of light. Some of the earliest FSOI systems made use of conventional
lenses. However, most more recent systems have employed micro-optical ele-
ments. There are two main reasons for this. First most FSOI systems relay
multiple optical channels in parallel, and as we will see conventional (bulk)
optics is not necessarily well-suited for this purpose. Second the demands of
integration have required optical elements that can be easily aligned to each
other. This again has motivated the use of micro-optics. We can divide micro-
optical components into refractive and diffractive elements. We will briefly
consider each of these.
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Refractive Micro-Optical Elements

As the name implies, refractive micro-optical elements make use of refraction
to control the propagation of light. The most widely used of these are surface-
relief microlenses, which have curved surfaces for focusing and collimation.
An excellent review of the design and fabrication of refractive microlenses
is found in [25] but we will provide a brief summary. Microlenses behave
in exactly the same way as conventional lenses, in that the curved surface
profile will modify the phase of the light waves which pass through them. An
appropriate curved surface profile can be obtained in a variety of ways, but
one of the simplest is the thermal reflow technique [26]. In this approach a
thick layer of photoresist is spun onto a glass or quartz substrate and then an
array of cylinders is formed in the photoresist using optical lithography with
a circular mask array. After development the substrate is placed in an oven
and the temperature is brought up to the melting point of the resist. As a
result of surface tension the melted resist cylinders will develop a spherical
surface profile. The photoresist thickness T necessary to obtain a lens of sag
h and aperture radius r is given by [26]

T =
h

6

(
3 +

h2

r2

)
(13.8)

and surface sag and surface radius of curvature R are related by

h = R −
√

R2 − r2 (13.9)

from which we can obtain the paraxial focal length of the lens f = R/ (n − 1)
where n is the refractive index of the photoresist. Lens diameters of 5–800μm
can be obtained in this way with f -numbers ranging from f/2 to f/0.8 [26].
As the lens diameter increases the surface curvature departs from spherical
and becomes flatter, resulting in aberrations. It is more difficult to obtain
large f -numbers by this process. This approach is not limited to circular lens
profiles. Square packing can also be accomplished, as is shown in Fig. 13.6(c).
Once the resist has been melted it is hardened by baking it. The photoresist
lenses can then be used directly as optical components, but they tend to have

R
h

r f

n Air

(a) (b) (c)

Fig. 13.6. Microlens parameters (a); circular and square-packed microlenses
(b) and (c)
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relatively high absorption and poor durability. More often these are then used
as a mask in a reactive ion etching (RIE) process in which the lens profile is
transferred into the substrate. This also provides another step in which the
surface profile can be modified, since the final shape will be a function of the
selectivity of the etchant for the photoresist and the substrate material. Lenses
of this type can also be mass produced by molding into a suitable transparent
plastic and are used to increase the light collecting ability of digital detector
arrays.

As is well-known, spherical surfaces are only ideal for focusing paraxially,
and display spherical aberration for larger aperture sizes. However, it has been
shown that through careful fabrication it is possible to obtain the ideal hyper-
boloidal profile that can transform between spherical and plane waves [27].

There are other types of refractive microlenses of interest. Rather than
making use of surface curvature it is possible to induce a suitable refractive
index gradient in a glass or plastic substrate, and so obtain a gradient index
microlens array. This can be achieved through an ion exchange process in
glass [28] or a polymer indiffusion process [5]. If the indiffused species have
a larger atomic weight than the species they replace then this process will
also be accompanied by surface swelling, which will increase the power of the
lenses and provides an extra degree of freedom (DOF) for designers.

Probably the greatest flexibility in the fabrication of microlenses can be
obtained through the use of ‘grey scale’ mask techniques, such as high en-
ergy beam sensitivity (HEBS) glass [29]. Masks of this type have a graded
optical transmittance, allowing for a varying photoresist exposure during op-
tical lithography. As with the thermal reflow approach, the photoresist is then
used as a mask for a subsequent etching process. This makes fabrication of
larger f -number microlenses more practical and also allows arbitrary aspheric
surfaces to be generated [30].

In addition to microlenses, other types of refractive micro-optical elements
may be of interest. These include microprisms, which may be of use for beam
deflection [25] and which can be fabricated using grey scale processes, ther-
mal imprinting or by an LIGA (Lithographic Galvonoformung Abformung, or
electroplating and molding) deep lithography process. We will return to some
of these when we consider integration processes.

Diffractive Micro-Optical Elements

Diffractive optics is the other main class of micro-optical elements. Whereas
refractive elements operate on continuous wavefronts (and thus obey Fermat’s
principle), diffractive elements operate by creating interference between dif-
ferent sections of successive wavefronts. Any refractive component can have a
diffractive equivalent, and diffractive elements can also carry out some tasks,
such as array generation, which are not as easy to achieve with refractive
elements. Probably the two most common diffractive elements are Fresnel mi-
crolenses and linear gratings. As is shown in Fig. 13.7, a Fresnel microlens
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Fig. 13.7. Profile of Fresnel diffractive lens

operates by retarding the phase of a plane wave such that the optical path
length from any location in the aperture to the focus of the lens is a con-
stant plus an integer number of wavelengths. The phase φ(r) imparted to the
wavefront is given by

φ (r) = mod
[
φ0 +

2π

λ

(
f −

√
f2 + r2

)
, 2π

]
, (13.10)

where f is the focal length of the lens and φ0 is a constant. Thus in contrast
to refractive lenses, a Fresnel lens has zones whose radius is given by r2

m =
2mfλ+m2λ2 (where m is an integer) where the surface height returns to zero.
The surface height d(r) is given by d (r) = λφ (r) /2π (n − 1), where n is the
refractive index of the material. Although a surface profile of this form can be
fabricated using grey scale masks, these lenses are often also fabricated using
a multilevel process. The surface profile can be quantized, thus obtaining a
discrete number of phase levels that can be fabricated using the ‘binary optics’
process [31]. In this fabrication process, a succession of etching steps is carried
out (typically using reactive ion etching), each removing one half the depth
of the previous etch. In this way 2N etch depths can be obtained using N
masks. Fewer phase levels means simpler fabrication, but also results in loss
of efficiency as power is diffracted into unwanted orders. The dependence of
diffraction efficiency on the number of phase levels is given by

η =
[
sin (π/N)

π/N

]2
. (13.11)

This is shown in Table 13.1, where we can see that a binary element has a
diffraction efficiency of only 40.5% whereas a 16 level element has a theoretical
efficiency of 98.7%.

Because these lenses do not require a large amount of material to be etched
away they are often more suitable for large diameter lenses than are refractive
lenses. Furthermore, an arbitrary phase profile can be obtained and so they
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Table 13.1. Diffraction efficiency of multilevel diffractive lenses as a function of the
number of phase levels N (and the corresponding number of masks required)

N masks h(%)

2 1 40.5
4 2 81.0
8 3 95.0
16 4 98.7

can be used for aberration compensation. However, there are a number of im-
portant restrictions. First the numerical aperture is limited by the maximum
diffraction angle that can be achieved, which is determined by the size of the
smallest features, around the outer edge of the lens. It can be shown [31] that
if the minimum feature size that can be etched is of width w then the f /# is
given by

f/# =
wN

2λ
(13.12)

Therefore a lens operated at a wavelength of 850 nm, with an eight level etch-
ing process that has a minimum feature size of 2μm will have a minimum
f /# of 9.4 (corresponding to a numerical aperture of 0.21). Some designers
have attempted to circumvent this by reducing the number of phase levels
towards the edge of the lens. Moreover the diffraction efficiency that can be
obtained is also a function of the minimum feature size. All the above equa-
tion assume that scalar diffraction theory holds. However, as the feature size is
reduced this is no longer true and it is necessary to consider rigorous diffrac-
tion calculations [32]. Figure 13.8 shows the calculated diffraction efficiency
(including reflection losses) of an 8.5 mm focal length continuous profile (grey
scale) Fresnel lens as a function of lens radius [33]. It can be seen that there
is a significant reduction in efficiency. The 1.5 mm radius lens corresponds to
an f /2.8 lens, and the graph shows that at this aperture size the diffraction
efficiency has fallen by 15%. The polarization dependence is minimal. It is pos-
sible to optimize the grating profile to increase the diffraction efficiency [34]
but this does not result in 100% efficiency and often increases the demands
on fabrication. Due to their nature diffractive lenses are also very wavelength
sensitive, although this is not usually a problem in optical interconnect appli-
cations where single wavelength sources are used.

Diffractive elements can also be used to split wavefronts into multiple
paths. By using suitable computer optimization techniques it is possible to
obtain a 1-D or 2-D array of equal amplitude beams [35].

13.3 Design Principles and Approaches

13.3.1 Overview

Having discussed some of the components that will be used for optical inter-
connects, and also having defined the properties of optical beams, we can now
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investigate suitable design principles for free-space interconnects. In contrast
to guided wave optical interconnects where waveguide loss, cross-section and
minimum bend radius dominate the design process, free-space interconnect
design is less clear-cut and has a different set of trade-offs. These include the
way in which the optical aperture is partitioned, the number of optical relay
stages and the degree of tolerance to misalignment. We will consider these
below.

13.3.2 Aperture Division Choices

The first choice that must be made is in regard to the way the system aperture
will be divided. Figure 13.9 shows the three basic choices: macrolens, microlens
and clustered [36, 37]. The macrolens approach has the simplest design; the
entire system has a single aperture stop. The two planes are mutually im-
aged onto each other with unit magnification and inversion. As is shown in
the diagram, since typical optical sources such as VCSELs have a relatively
large divergence, microlenses are usually used to collimate them. This system
is telecentric, which has several advantages. One of the most important of
these is that small axial misalignments of the system components result in
defocus but there is no change in the magnification of the system. This is a
significant advantage as it ensures that light transmitted from the sources will
be coincident with the receivers (assuming no other misalignment). The ease
of construction of this system has resulted in the development of many ex-
amples [11,38,39]. Although simple to design and construct with off-the-shelf
components, macro-optical systems have several disadvantages. The first of
these is lack of scalability [36,37,40]. The separation of the two device planes
is normally determined by the requirements of the electrical system in which
the interconnect is deployed. This is typically 5–10 cm for a board-to-board
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Fig. 13.9. Aperture division choices: (a) macrolens; (b) microlens; (c) clustered
design

interconnect. If we wish to image a chip which is 1 cm2 with a telecentric
optical system over a 10 cm distance then this implies that we need a lens
with a half field of view in excess of 20◦. Such a lens will require multiple ele-
ments (in order to correct aberrations) [41] and will not fit within the required
space. There is therefore a trade-off between the size of the array that can
be imaged and the optical throw (or board spacing). One alternative which
partially circumvents this problem is to use gradient refractive index lenses
as relay elements [42, 43], however, these also become excessively long when
used for array sizes of more than 2 mm.

One possible solution to this problem is to use a microchannel, or micro-
optical system [44]. In this paradigm one lens aperture is employed for each
channel. The advantage of this approach is that each lens operates with a
field of view of a single source, rather than the entire array. The array size
can be increased simply by adding extra microchannels, which does not require
a modification of the lens design. However, this system also has two major
disadvantages. First the interconnection distance is limited by diffraction to
very short distances, due to the small aperture size (even when the maxi-
mum lens-to-waist configuration is employed). We will calculate the limits
to interconnection distance in Sect. 13.3.3. The second disadvantage of a mi-
crochannel system is the poor tolerance to misalignment. Therefore although
microchannel systems are suitable for very short interconnection distances
(<20 mm) they are not practical for board-to-board interconnects.

An alternative and scalable approach to designing parallel optical relays
is to employ a clustered optical system [12, 14, 36, 45–47] such as the one
shown in Fig. 13.9c. In systems of this type, transmitter and receiver win-
dows are arranged in clusters, each of which is imaged by a single lens. These
lenses are often called minilenses since they have a size between a microlens
and a macro(bulk)lens. This system design seeks to combine the relatively
long optical throw and misalignment tolerance of macro-optical systems with
the scalability and moderate field-of-view requirements of microchannel sys-
tems. This permits simple spherical lenses to be employed (which may be
either diffractive or refractive) rather than the multielement lenses required
in macro-optical systems. Several studies describe in detail the design of
clustered optical systems for particular applications [47, 48]. In the design
process the fixed constraints are typically the spacing of the two device planes
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(i.e. the optical throw) and the maximum size of the device plane. Within these
constraints the designer balances various parameters such as device density
(which will determine the number of parallel channels), lens f /# (which will
determine the cost and practicality of the lenses) and alignment tolerance
(which will determine the degree of difficulty in assembling the system). In
Sect. 13.3.3 we will determine the optimum cluster size for a given interconnect
distance and device plane size.

13.3.3 Optimal System Design

There are three main factors which influence the performance and scalability
of the clustered FSOI. These are diffraction (which places an upper limit on
lens spacing), geometric aberrations (which places an upper limit on the field
size) and the speed of the relay lens (which will also limit field size for a
given focal length) [48]. Figure 13.10 represents the important parameters of
a clustered interconnect. The optical sources are arranged, in a square N ×N
array of pitch p. The distance from the centre of the array to the outermost
line of sources is h (i.e. this is the distance to the edge of the optical field
of the cluster lens, measured along a vertex). The light from the sources is
collimated by a microlens which has an aperture equal to the pitch of the
channels and a focal length fμ which for a given pitch is determined by the
divergence of the VCSELs and the degree of clipping that can be tolerated).
The clustered relay lenses are confocal with the microlenses and are assumed
to have square apertures (side length D) and focal length f . They are attached
at either end of a glass block, of index n, which has a total length of 2fn (in
order to maintain telecentricity). The optical system is symmetrical in that
the microlenses at the detector end are identically located relative to the
detectors. This ensures that the system is bi-directional. The optical throw
L (or interconnect length) is defined as the distance between the focal planes
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Fig. 13.10. Optical interconnect parameters; (a) array layout and (b) optical
system.
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of the clustered relay lenses (i.e. L = 2f(n+1). We can now determine the
maximum field size h for a given cluster lens size D, optical throw L and a
set of source properties. From this we can calculate the number of channels
that is supported by the interconnect and hence the channel density (defined
as N2/D2 since the relay lenses are assumed to have a 100% fill factor).

We have determined the maximum off-axis source position hin as limited
by the speed of the relay lens and the aberrations of the relay system. We
treat the system by modelling the light as Gaussian beams at the input and
output side and via ray-tracing in the relay block. It can be shown [48] that
for a ray that enters the relay block with angle θin, originating at height hin,
the third-order expansion of the ray intercept error ε at the output is given
by

ε =
3h2

in sin θin

f n2
. (13.13)

Here the angle θin is the angle of the ray that corresponds to the 99% power
asymptote of the incident multimode Gaussian beam after collimation by the
microlens array. This assumes that the diffractive lenses are thin elements
with a quadratic phase profile [48]. From this we can obtain an approximate
expression for the increased clipping loss γ that will be undergone at the
output microlens. For a given degree of tolerable clipping loss, we can obtain
an allowable aberration εmax. This is given by

εmax = p

(
3
4

√
2

− log (γ)
− 1

2

)
(13.14)

from which we can obtain an expression for the maximum possible source
height, as limited by aberrations. This is given by

hab = n

√
f εmax

6 sin θin
. (13.15)

Note that an additional factor of
√

2 has been incorporated since h mea-
sures distances along the axis rather than along the diagonal (which will have
the most aberrated beams).

The second limit to the source height is the aperture of the relay lens. If
we assume that the f /# of the lens is defined as the ratio between the focal
length and the diagonal aperture size, and that a 1% clipping condition again
obtains, the maximum source height in this case is given by

hap = f

(
1

2
√

2f/#
− tan (θin)

)
. (13.16)

The maximum source height hmax will therefore be determined by the
minimum of (13.15) and (13.16). Therefore the maximum number of channels
(in one-dimension) is given by
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N = 2
hmax

p
+ 1. (13.17)

Finally we need to determine the area of the relay lens, in order to calculate
the channel density. The relay lens aperture is given by

D = 2 [hmax + f tan (θin)] (13.18)

We can now calculate the channel density ρ from

ρ =
N2

D2
. (13.19)

Figure 13.11 shows the calculated density as a function of interconnec-
tion distance for an interconnect which uses 850 nm multimode VCSELs with
M2 = 2 and ω0 = 3μm [21]. The array pitch is 125μm and the loss tolerance
γ is 5%. It can be seen that at very short distances and for fast lenses a density
of almost 64 channels per mm2 can be achieved (which is the limit for devices
on a 125μm pitch). As the distance increases, however, the achievable density
decreases. Slow lenses offer a lower density than fast lenses at short distances,
but eventually the performance is dominated by aberrations (as occurs at a
distance of 120 mm for f /3 lenses) and so the relay lens speed is no longer an
advantage.

We can also use this model to calculate the impact of VCSEL divergence
on performance. It has been found that for devices on a 125μm pitch at
distances above 100 mm a single mode VCSEL (with ω0 = 3μm, M2 = 1,
1/e2 half-beam divergence = 5.2◦) allows a 50% increase in channel density
when compared to a multimode VCSEL which has twice the divergence (i.e.
ω0 = 3μm, M2 = 2 and 1/e2 half-beam divergence = 10.4◦).

This model can be used to design an interconnect system that will max-
imize density for a given interconnect distance. As an example, Fig. 13.12
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shows the variation in the number of channels per cluster and clusters per
system for an interconnect that requires 50 × 50 channels, with multimode
(M2 = 2) VCSELs on a 125μm pitch with f /4.5 relay lenses, as a function of
interconnect distance. It can be seen that for a short distance (10 mm) there
will be a small number of channels per cluster (2 × 2) and hence many clus-
ters per system (25× 25). As the interconnect distance increases it eventually
becomes most efficient to use just one relay lens (i.e. a macrolens) with all
50 × 50 channels traversing it. This holds for distances above 250 mm. The
relay lens size increases almost linearly with distance and the chip size (de-
termined as the product of the relay lens size and the number of clusters per
system) remains almost constant at 8 mm. Obviously there exist intermediate
distances where it would not be possible to have an integer number of clusters
per system. This indicates that at these distances it is not possible to obtain
the maximum density. However, by selecting a different source array pitch it
may be possible to improve the density which can be obtained.

We can also make a comparison between the clustered relay system and
a microchannel interconnect. As we have seen in Fig. 13.12, as the intercon-
nection distance decreases the number of channels per cluster also decreases
until there is eventually only one channel per cluster. However the clustered
interconnect remains telecentric, and so does not provide the same intercon-
nection distance (as a function of relay lens focal length) as can be achieved
by a microlens relay in the maximum lens-to-waist configuration [44]. This
effectively means that at very short interconnection distances the microchan-
nel interconnect should offer better densities. This is shown in Fig. 13.13 for a
multimode (M2 = 2) system for which the clustered system has a device pitch
of 125μm (the pitch of the microchannel relay is a function of interconnection
distance [5]). As can be seen, for distances below 5–15 mm (as a function of
relay lens f /#) the microchannel relay offers a better density. However, for
inter-chip distances the clustered interconnect is preferred.
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13.3.4 Misalignment and Modularization

In general misalignment is one of the most critical limitations of FSOI. Most
free-space interconnects are multielement systems that require the mutual
alignment of many different components in different planes. In designing the
clustered interconnect above, we saw that it maximized the interconnection
density but we did not consider to what precision the components must be
aligned. A proper study of misalignment is intimately connected to the pack-
aging approach that will be used for the system. In general, we seek designs
that can be readily partitioned into modules that contain groups of compo-
nents. Because modules can be assembled to quite high precision (often using
lithographic techniques), elements within modules can have a relatively low
tolerance to misalignment. However, the tolerance to misalignment between
different modules should be as large as possible as these are often assembled us-
ing mechanical techniques [49]. To illustrate this concept, consider Fig. 13.14,
which shows two possible approaches to modularizing the clustered intercon-
nect. In Fig. 13.14a we have packaged the microlenses to the optoelectronic
devices, whereas in b we have packaged the microlenses to the relay lenses. In
this context ‘packaging’ implies that two elements are aligned using some sort
of high precision process and then bonded together permanently. Modules are
then assembled using an integration process.

This then brings us to the question of system partitioning: how should a
system be broken down into modules such that it has the maximum possible
tolerance to misalignment?

To understand why there may be a difference we can refer to Fig. 13.15
(after [50]). In part (a), the microlens is not packaged with the detectors.
Since detectors are usually small (to obtain high speed), a small lateral mis-
alignment of the detector versus the microlens Δx results in the beam rapidly
shifting from the detector. In contrast, in part (b), the microlens is aligned
to the detector as a single module. Now when the beam is misaligned by the
same amount relative to the module, the beam is focused onto the centre of the
detector, although some light will be lost due to clipping at the microlens and
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(a) (b)

Fig. 13.14. Partitioning of clustered interconnect: (a) with device-microlens mod-
ules and (b) with optoelectronic devices separated from the optics
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Fig. 13.15. Lateral misalignment tolerance for microlens-detector combination:
(a) microlens not integrated with detector; (b) microlens integrated with detector
(after [50])

may appear as crosstalk at an adjacent detector. If we do a similar analysis
for angular misalignment Δθ, of the detector array and microlens array in the
first instance and of the beam and the microlens-array and detector module
in the second instance, then we find that the situation is reversed and that
design (a) is more tolerant of misalignment than design (b). We can calculate
the misalignment product ΔxΔθ for the system, which is a product of the
angular and lateral misalignment that will result in a 50% drop in power at
the detector. In [9] this product is calculated for a range of different intercon-
nect designs. Clustered designs in which the relay lenses are packaged into a
single module, as in Fig. 13.14a are shown to be much more tolerant to mis-
alignment than simple microchannel designs, although microchannel designs
can be improved by placing a field lens in front of the detector.

This analysis can be extended further to consider why this should be so.
Consider Fig. 13.16 which is a module that contains a single detector and a
lens. The lens produces an image of the detector in space (which is essentially
the entrance pupil of the system). It is assumed that the magnification of the
system is such that the size of the detector image is smaller than the lens
aperture. The alignment tolerance of the module is given by the product of



364 A.G. Kirk

detector
module

detector
detector
image

Incident beam
misaligned by Dx

Incident beam
misaligned by D0

D0

q ' q
Dx

index = n' index = n

Optical
relay

d

Fig. 13.16. Relationship between the optical invariant and the misalignment
product

Δx and Δθ. The image of the detector is drawn using one oblique ray and
one axial ray and has a total size of d′. The angle the oblique ray makes with
the optical axis is θ′ and θ in the image plane and object plane, respectively.
These angles correspond to the entrance and exit numerical apertures (NA)
of the module. Within the laws of geometrical optics it can be shown that the
following relationship is true at all points within an optical system [41]:

d

2
θ =

d′

2
θ′. (13.20)

This is referred to as the optical invariant. We can now relate this to the
misalignment product. If we assume a 50% loss tolerance, then we can argue
that the lateral tolerance Δx is equal to d′/2 and that the angular tolerance
Δθ is equal to the NA of the module θ′. Therefore from this and (13.10) we
can write

ΔxΔθ ∝ d

2
θ. (13.21)

Therefore the alignment product is directly related to the optical invariant,
which is a product of the detector size and the NA of receiving optics. This
is an invariant of the system, regardless of the complexity of a module. We
can therefore conclude that we can maximize the alignment product first by
increasing d, which means using large detectors (up to the limit imposed by
capacitance and bit rate) and second by maximizing the NA of the receiving
optics. This provides a quick and easy way to determine the alignment tol-
erance of an entire interconnect system. One simply needs to determine the
value of the optical invariant at the detector plane; if the invariant is small
then the design is inherently difficult to align. This approach also explains why
Gaussian beam relays, in which the detector is imaged in the aperture of the
second relay microlens [51,52] have a good misalignment tolerance. Similarly
field lenses increase the apparent size of the detector in object space and so
also improve the tolerance to misalignment [9].

Misalignment tolerance can also be traded off for channel density and in-
terconnect distance. For example in the system design shown in Fig. 13.10 the
effect of misalignment can be reduced by increasing the size of the microlenses
(in effect oversizing them). However, this obviously reduces the maximum
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channel density and so there is a trade-off to be made between misalignment
tolerance and channel density. Without going into details, it has been shown
that for the system described above, reducing the channel density from 100
channels per mm2 to 30 channels per mm2 increases the lateral misalignment
tolerance from 5 to 20μm [48]. This assumes that the microlenses are perfectly
aligned to the VCSELs and to the detector arrays. In the Gaussian beam relay
design [52] misalignment tolerance is increased by reducing the space between
relay lenses.

13.3.5 Sensitivity Analysis

In Sect. 13.3.4 we were interested in identifying the principles that lead to
designs that have a high tolerance to misalignment. The optical invariant ap-
proach represents a powerful way of understanding the misalignment tolerance
of an optical interconnect. However, it does not necessarily tell us everything
we need to know about the ease or difficulty of assembly a particular system
when many individual components are randomly misaligned. It is particularly
important to determine the way in which misalignments of individual com-
ponents stack-up to determine the performance of the system as a whole. In
particular, we need to be able to answer the following question: how precisely
must each individual component be aligned in order to obtain a high proba-
bility that the system as a whole will work. The starting point is a sensitivity
analysis in which each component is misaligned in each DOF in a ray-tracing
or Gaussian beam simulation and the impact on throughput is calculated [53].
The degree of misalignment that can be tolerated for a given throughput re-
duction is described as the sensitivity of the component. The selection of the
tolerance metric is a critical part of the sensitivity analysis. For example a lens
in an optical system may be found to have a lateral misalignment tolerance
of 5μm at the 10% power loss level, indicating that a 5μm misalignment will
result in a 10% throughput reduction. Systems assembled to a relaxed metric
might be easier and cheaper to assemble but might also provide lower per-
formance in the assembled system due to accumulated losses. A more severe
metric will mean that the tolerances are tighter, providing a lower loss but
also increasing the fabrication cost. Once the individual tolerances have been
calculated, it is then necessary to determine the way in which individual com-
ponent misalignments interact and stack up. There are a variety of ways by
which this can be done. The most direct approach is to obtain an expression
for throughput as a function of the positions of all of the individual compo-
nents. For systems with more than a few components this rapidly becomes an
intractable calculation. The simplest alternative is a worse-case misalignment
tolerance calculation in which all components are assumed to be maximally
misaligned. Another technique that is commonly used is a root-sum-of-square
(RSS) analysis [52,54] in which each component is assumed to be misaligned
such that it causes a given reduction in throughput and the total throughput
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reduction is then calculated as the RSS of the individual values. RSS analysis is
fast but it is known that this method is not valid as error functions for optical
systems are not additive and tolerances are not linearly independent. Finally
it is possible to obtain an accurate determination of misalignment tolerance
by performing a Monte Carlo analysis [55]. Many simulated systems are gener-
ated in which all components are assumed to be misaligned with some suitable
probability distribution and the final throughput in each case is calculated.
In this way a probability distribution of throughputs can be obtained and
the expected throughput (for an average system) can be predicted [56]. The
sensitivity of clustered interconnect designs to misalignment was investigated
in [55]. In this paper, a variety of lens speeds and relay stages were considered,
with up to 50,000 samples for each system. It was found that increasing the
number of relay stages did not greatly decrease the tolerance to misalignment
for each component, except for tolerance to source tilt. However, increasing
the number of components did reduce the overall probability of success, and
resulted in dramatic departures from RSS predictions. Thus a 4-f relay sys-
tem, assembled with components that are all individually aligned to a 1%
tolerance (i.e. 99%) transmittance resulted in an expected system throughput
of only 69%, whereas an RSS approach would have predicted a throughput of
96%. Obviously one key aspect of this analysis is to make realistic predictions
of misalignment distributions, which is a function of the packaging techniques
used. Software tools that can calculate the effect of misalignment have also
been developed [57]. This approach can be extended further. Once a Monte
Carlo analysis has been performed, it is then possible to perform a regression
analysis in order to obtain a relationship between the system variables and
the performance metric, as described in [58]. This can provide more insight
into the sensitivity of the system in each DOF and thus informs the system
designer as to the areas in which the greatest care is required.

13.3.6 Other Aspects of Design

In Sect. 13.3.5 we considered chiefly centro-symmetric telecentric systems.
Telecentric systems are inherently distortion free, although they may have
other aberrations. A wide variety of different types of optical interconnect
systems have been introduced, including off-axis planar optics designs [59]
and systems that contain three levels of lenses [60] rather than two as in
the clustered system design, and reflective designs [13]. These require more
advanced analysis of optical aberrations and techniques such as eikonal analy-
sis [61] can be very powerful in developing designs that have low distortion and
other aberrations. It is also possible to incorporate misalignment analysis into
the standard optical ray-matrix equations [62] by extending them from 2 × 2
to 3 × 3 matrices, which can simplify analysis. It is also possible to increase
misalignment tolerance through redundancy. For example [63] describes the
use of nine redundant spatial channels to achieve a misalignment tolerance of
±1 mm and ±1◦ over an interconnect distance of 20 cm.



13 Free-Space Optical Interconnects 367

13.4 Fabrication, Packaging and Assembly

13.4.1 Introduction

Once a system has been designed and the components (micro-optical and
optoelectrinic) have been designed, it must be packaged and assembled. Be-
cause FSOI have not yet been deployed in commercial systems, there are few
standards in this area, although the recent wide scale developments of op-
tical MEMS for optical fibre networks has resulted in a significant progress.
However, there are some important differences between the requirements of
FSOI and components for optical fibre networks. The alignment tolerances
required for optical fibres are typically much more demanding than for FSOI.
This is because in typical FSOI systems the final collecting device is a de-
tector that may have a cross-section of 20–100μm, whereas a beam focused
onto the end facet of a single-mode fibre must be aligned to better than 1μm.
This lateral tolerance can be relaxed by using a collimating lens, but only at
the expense of a reduced angular tolerance. As a result optical fibre systems
are often assembled using active alignment techniques, where components are
assembled with a 6 DOF stage while light is propagating through the system
and only bonded once maximum throughput has been achieved. This results
in relatively expensive systems. In FSOI systems typical lateral tolerances for
interconnect distances of 10–100 cm are 5–100μm, with angular tolerances of
10–500 arc minutes [9]. However, FSOI systems will only be adopted if costs
can be minimized The ITRS calls out for costs around $0.01 per pin for high-
performance systems, so that a 1,000 channel optical interconnect should cost
less than $10.

13.4.2 Module Fabrication and Packaging

These cost concerns explain why it is so critical to have carried out a careful
analysis of misalignment tolerance. With proper design it is possible to arrange
for components that have a high sensitivity to mutual misalignment to be
fabricated in a single monolithic component or module. As we have seen in
Sect 13.4.1, it is often good practice to package relay lenses together. The
simplest way to achieve this is fabricate them within the same lithographic
process. This has been accomplished in several ways by a variety of researchers.
Reference [5] describes an optical bridge which interconnects two 2× 8 arrays
of optical channels over a distance of 5 mm (see Fig. 13.17). The element is
approximately 5×6×2 mm in size and is fabricated in polymethylmethacrylate
(PMMA) which is exposed to a proton beam. As the piece is moved through
the beam in three-dimensions the necessary surfaces are formed as the proton
beam modifies the cross-linking of the polymer. Exposed regions are removed
in a subsequent development process. This approach is very powerful in that
all of the optical surfaces are aligned to each other with an accuracy that is
limited only by the precision of the positioning system that is used to move
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Microlenses

TIR prism
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(a)

Diffractive lenses/mirrors

Reflective surface(b)

Fig. 13.17. Examples of optical integration strategies: (a) optical interconnect
system fabricated via deep proton lithography; (b) planar optics approach

the work piece through the beam. In a second fabrication process a pair of
total-internal prisms is also fabricated in PMMA with corresponding features
that lock to the lens substrate. Typically, this process also yields optically
smooth surfaces (down to 20 nm [5]). However, there are limits in terms of the
thickness of material that can be machined this way (due to absorption of the
beam), the size of the total piece and also to the types of shapes that can be
fabricated.

A second way to make use of lithographic precision in the assembly of op-
tical interconnects is to use the ‘planar optics’ approach [64,65]. Here a thick
(1–10 mm) transparent substrate is patterned with diffractive or refractive
optical components on the top and the bottom, using standard microlitho-
graphic procedures and with a high precision mask aligner to ensure that
features on the top surface are aligned to features on the bottom surface (see
Fig. 13.17b). This is a powerful approach that enables quite complex systems
to be developed. Reference [59] describes a system which interconnects 96 op-
tical fibres to an optoelectronic integrated circuit using this approach. Some
of the disadvantages of this approach are the increased aberrations due to the
off-axis propagation (although this can be mitigated by careful design), the
loss caused by multiple reflections and the fact that the maximum intercon-
nect distance is limited by the substrate size and the microlithographic system
that is employed.

A related approach is to fabricate the various optical components sep-
arately and then use optical alignment techniques to ensure precise assem-
bly. Because FSOI systems require the alignment of 2-D arrays this is more
complex than the process required for most optical fibre systems which have
cylindrical symmetry. The first example of this technique was the use of in-
terferometric alignment lenses for the alignment of optical relays [66] (see
Fig. 13.18a). The diffractive lenses at the edges of the relay lenses create in-
terference between the zero-order and first-order beams, resulting in fringes
that are only flattened when the lenses are precisely aligned. The lenses are
glued to a spacer after alignment. The assembled relay block (which forms
part of the system shown in Fig. 13.4) is shown in Fig. 13.18b. This approach
can deliver alignment tolerances of 1–5 microns for device plane separations of
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surfaces to be aligned

alignment features

(a)

(b)

Fig. 13.18. Interferometric alignment approach: (a) interferometrically aligned re-
lay lenses (after [24]); (b) aligned lens block [46])

30 mm [66]. This concept has been extended to include off-axis alignment grat-
ings and lenses which can provide alignment information about all 6 DOF [67]
and most recently to designs that provide diagnostic information on the state
of alignment (via the creation of focused beams on targets) which could be
used for automated assembly [67,68]. If we design elements that have optical
surfaces only on the outside then we can replicate them at low cost via plastic
moulding [69].

Another approach that must be mentioned is the use of integrated micro-
mechanical elements to provide realignment after assembly. This approach is
already used in the assembly of some commercial telecommunications switches
which are based on beam-steering micromirrors. Obviously, this approach is
less attractive if the mirrors are not already required as part of the system.
However, a similar approach is to incorporate built-in micromachined actu-
ators to reposition components such as optical fibres [70], microlenses [71]
or micromirrors [72] after assembly in order to minimize insertion loss. Once
alignment has been achieved the moving components can then be locked into
place with a suitable adhesive.
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13.4.3 System Assembly

Once optical and optoelectronic modules have been assembled they must be
incorporated into a system. In a free-space optical system a rigid support
structure is required to act as a mechanical reference. Early FSOI employed
high precision commercial optical positioning equipment to hold each part or
module. This is a flexible approach but limits the system size and complexity
and does not provide an obvious route to commercial development. The devel-
opment of the slot baseplate approach [38] permitted the rapid prototyping of
FSOI whilst allowing complex systems with many axes to be demonstrated.
Slot baseplates can permit very high alignment tolerances (±12μm with care-
ful machining) although maintaining this precision over the entire baseplate
is not easy. However, slot baseplates are massive components and are not
suitable for commercial devices. Once the system has been demonstrated the
slot plate may be replaced by a moulded housing into which the optical com-
ponents can be placed. Another example of a precision module assembly is
the system described in [73]. In this system a series of L-frames are used, to-
gether with ceramic spacers which define the relative postion of each module.
In some cases, it is desirable to be able to insert and remove modules from
the system, in order to permit defective parts to be replaced, for routine ser-
vicing or upgrades. In order to be able to remove and replace a component in
a parallel free-space optical system without realignment it is important that
that component is kinematically attached to the system. Various researchers
have demonstrated kinematic modules in this context [74–76]. These are of-
ten inspired by the techniques employed in fiber ribbon connectors in which
pins are mated with high precision holes. Again a sensitivity analysis is essen-
tial in order to understand which DOI require critical alignment and which
are relaxed. As an example of system performance, the 512 channel intercon-
nect described in [12], which made use of a combination of interferometrically
aligned modules and kinematic assembly achieved an end to end average loss
of −10.4 dB and a crosstalk of −9.6 dB. However, most of the loss in that case
was due to the fact that the VCSEL divergence was larger than the value
for which the system was designed, resulting in large losses at the first mi-
crolens array. However, with careful design, fabrication and assembly there is
no intrinsic reason why FSOI cannot achieve low losses.

13.5 Discussion and Conclusions

In this chapter, we have described some of the concepts that underlie the de-
sign and operation of FSOI. As we have shown, FSOI design is intrinsically
bound up with alignment tolerance, channel density and interconnect dis-
tance, and also by the components, assembly and integration processes that
are available. There are a large number of parameters that may be traded
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off with each other and so in general it is difficult to draw general conclu-
sions. Although there has been much progress in the design and fabrication
of components for FSOI (including sources, detectors and optics) there are
no commercial FSOI systems, with the exception of some specialized image
processing and filtering systems. We may ask ourselves why this is the case.
However, before considering FSOI in particular, it is worth noting that optical
interconnects of any kind have not yet got ‘into the box’ and that some re-
searchers in the microelectronics industry [77] have pointed out that it may be
a long time before optics is used at the chip-to-chip or board-to-board level.
Optical interconnects are so disruptive that manufacturers will push electrical
interconnects to the limit in order to avoid making such huge changes. So long
as optics is limited to the interconnection of widely separated systems (such
as racks and chassis) then free-space optics has no role to play. However, if
we assume that eventually some sort of optical interconnect is required at
the board or chip level, then we can compare FSOI with guided wave inter-
connects. Guided wave interconnects, and in particular waveguides embedded
in PCBs ‘feel’ much more like conventional electrical interconnects than do
free-space interconnects, and therefore are more likely to appeal to electrical
system designers. Furthermore, guided wave interconnects can be laid out like
wires, with arbitrary lengths and with the possibility to make bends (within
the limits of the waveguide technology). In contrast, as we have seen, FSOI
systems have a channel density that is a function of length. Therefore unless
we wish to sacrifice channel density, or develop standard interconnect dis-
tances, each FSOI system design will be unique. The one significant advantage
of FSOI designs is that they can achieve a high degree of parallelism, since
they allow 2-D device arrays to be interconnected to each other. However, if
the devices to be interconnected are chips on conventional PCBS, then, as is
shown in Fig. 13.4, the interconnect has to rise up off the board. The larger
the device array, the larger the stand-off height required. This may prevent
other boards or components being packaged as closely. Furthermore, design-
ers of guided wave interconnects have also come up with clever approaches to
getting a 1-D ribbon connected to a 2-D device array by rotating the device
array by 45◦, which tends to reduce this advantage. In addition, any tech-
nology which makes use of surface-normal optical emission from a chip needs
to take cooling requirements into account. At present most high-performance
systems remove heat from one side of a chip. In many FSOI designs, such as
the schematic of Fig. 13.1, light is emitted from one side and electrical connec-
tions are made to the other. This prevents a heat sink from being attached.
Some possible solutions include using a transparent substrate and emitting
light downwards [78]. As point-to-point interconnects then, free-space optics
have yet to prove themselves. However, FSOI do have one big advantage that
is hard match with other electrical or optical approaches, and that is the pos-
sibility of implementing fan-out from one source to many receivers. The use of
free-space optics for clock distribution was one of the first inspirations for the
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field [1] and thus they may have uses in applications such as parallel comput-
ing where multicast buses may be important [79]. The growth of free-space
optics in optical fibre networks and the development of new low cost laser
sources and fabrication techniques mean that there are still many possibilities
to explore.
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