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Preface

In the past two decades optical communications has changed the way we
communicate. It is a revolution that has fundamentally transformed the
core of telecommunications, its basic science, its enabling technology, and
its industry. The optical networking technology represents a revolution
inside the optical communications revolution and it allows the latter to
continue its exponential growth.

The existence and advance of optical fiber communications is based on
the invention of low-loss optical fibers, the invention of the laser, particu-
larly the semiconductor junction laser, and the invention of photodetectors.
From the early pioneering ideas, it took more than 25 years, to the first
commercial deployment of optical communications, the Northeast Corridor
system linking Washington and New York in 1983. Another important ad-
vance has been the deployment of the first transatlantic submarine optical
fiber transmission system in 1988. Optical fiber communications began to
seriously impact the way information is transmitted beginning with these
milestone achievements.

The commercial demand for higher capacity transmission was helped
by the fact that computers continued to become more powerful and needed
to be interconnected. This is one of the key reasons why the explosive
growth of optical fiber transmission technology parallels that of computer
processing and other key information technologies. These technologies have
combined to meet the explosive global demand for new information services
including data, internet, and broadband services, and, most likely, their
rapid advance has helped fuel this demand. This demand is continuing its
strong growth as internet traffic keeps increasing every year.

Optical networking represents the next advance in optical communi-
cations technology. Semiconductor optical amplifier is a key device for
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all-optical networks. The advances in research and many technological
innovations have led to superior designs of semiconductor amplifiers.
Although most optical communication systems use optical fiber amplifiers
for signal amplification, semiconductor optical amplifiers are suitable for
integration and can also used as functional devices. These functional prop-
erties such as wavelength conversion, optical demultiplexing, and optical
logic elements make them attractive for all-optical network and optical
time division multiplexed systems.

The need for higher capacity is continuing to encourage research in
wavelength division multiplexed (WDM) based and optical time division
multiplexing (OTDM) based transmission, which needs optical demulti-
plexing and wavelength conversion technologies. An important research
area would continue to be the development of semiconductor optical am-
plifiers for Mach-Zehnder or Michelsen interferometers and as low power
amplifiers in integrated devices.

All-optical signal processing is expected to become increasingly impor-
tant in future ultrahigh capacity telecommunication networks. The de-
velopment of all optical logic technology is important for a wide range of
applications in all optical networks, including high speed all optical packet
routing, and optical encryption. An important step in the development
of this technology is a demonstration of optical logic elements and cir-
cuits, which can also operate at high speeds. These logic elements include
the traditional Boolean logic functions such as XOR, OR, AND, INVERT,
etc., and circuits such as parity checker, all-optical adder and shift register.
Semiconductor optical amplifier based devices such as Mach-Zehnder inter-
ferometers are being investigated for the development of all-optical logic
circuits.

N. K. Dutta
Q. Wang
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Chapter 1

Introduction

1.1 Historical Developments

The semiconductor optical amplifier is very similar to a semiconductor laser.
The laser has a gain medium and an optical feedback mechanism. The
latter is generally provided by the cleaved facets of the semiconductor itself
or by a grating of suitable periodicity etched close to the gain medium. At
threshold, the gain equal loss for a laser, and the gain needed for laser action
is typically ~5 to 10dB. A traveling wave optical amplifier has only a gain
medium. However, the gain is generally larger (~20 to 25dB) compared
to that for a laser. The optical gain is caused by the recombination of
electrons and holes (electrons and holes are injected by external current).
Thus the semiconductor amplifier operates at a higher current density than
a laser at threshold.

The concept of the laser dates back to 1958 [1]. The successful demon-
stration of a solid state ruby laser and He-Ne gas laser was reported in 1960
[2, 3]. Laser action in semiconductor was considered by many groups dur-
ing that period [4—6]. The semiconductor injection laser was demonstrated
in 1962 [7-10]. CW operation of semiconductor laser was demonstrated
in 1970 [11, 12] using the concept of double heterostructure [13]. Since
then the semiconductor injection laser has emerged as an important de-
vice in many optoelectronic systems such as optical recording, high-speed
data transmission through fibers, optical sensors, high-speed printing, and
guided wave signal processing. An important impact of semiconductor
lasers is in the area of fiber optic transmission systems where the informa-
tion is sent through encoded light beams propagating in glass fibers. These
lightwave transmission systems, which have been installed throughout the
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world, offer a much higher transmission capacity at a lower cost than coaxial
copper cable transmission systems.

The advantages of semiconductor lasers over other types of lasers, such
as gas lasers, dye lasers, and solid-state lasers, lie in their considerably
smaller size and lower cost and their unique ability to be modulated at
gigahertz speeds simply by modulation of the injection current. These
properties make the laser diode an ideal device as a source in several opto-
electronic systems, especially the optical fiber transmission systems. Semi-
conductor laser properties are discussed in several books [14-17].

Historically, the research on optical amplifier followed that of the semi-
conductor laser. Early work was carried out using GaAs/AlGaAs mate-
rial system [18-21]. A majority of the follow on work has been using the
InGaAsP/InP material system. This material system is suitable for produc-
ing amplifiers with optical gain in the 1300 to 1600 nm wavelength range.
The fiber optic transmission systems operate in this wavelength range due
to the low loss of optical fibers and the commercial application of optical
amplifiers are going to be driven by their need in fiber communication sys-
tems. This book provides a comprehensive and detailed account of design,
fabrication, and performance of semiconductor optical amplifiers in optical
networks. Earlier work is discussed in previous books [22, 23].

1.2 Semiconductor Materials

The choice of materials for semiconductor amplifiers is principally deter-
mined by the requirement that the probability of radiative recombination
should be sufficiently high that there is enough gain at low current. This
is usually satisfied for “direct gap” semiconductors. The various semicon-
ductor material systems along with their range of emission wavelengths are
shown in Figure 1.2.1. Many of these material systems are ternary (three-
element) and quaternary (four-element) crystalline alloys that can be grown
lattice-matched over a binary substrate.

Many of these materials were first used to make semiconductor lasers
[7-10, 14-17]. The lines represent the range of band gaps that can be
obtained by varying the composition (fraction of the constituting elements)
of the material. The optical gain in amplifiers occurs at wavelengths close
to the band gap. Thus a suitable set of materials must be chosen to get
optical gain at the desired wavelength.

Another important criterion in selecting the semiconductor material for
a specific heterostructure design is related to lattice matching, i.e. the
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Wavelength [um]
()

(b)

Wavelength [pum]
(©

Figure 1.2.1 Semiconductor materials used in laser fabrication at different regions of
the spectrum. The three figures refer to compound semiconductors formed using group
11T and group V elements (III-V), group II and group VI elements (II-VI) and group IV
and group VI elements (IV-VI) of the periodic table [24]. The quantum cascade lasers
are fabricated using III-V semiconductors and they operate on intraband transitions in
a quantum well.
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crystalline materials that form the heterostructure must have lattice con-
stants which are equal to within ~0.01%. The binary substrates that are
commonly used are GaAs and InP. They can be grown in a single crystal
form from a melt. The ternary or quaternary semiconductors are epitax-
ially grown over the binary substrate for semiconductor laser or amplifier
fabrication. In the epitaxial growth process the single crystal nature is pre-
served across the interface of the two materials. This leads to near absence
of defect sites at the interface.

The development of epitaxial growth techniques has been of major sig-
nificance for the development of semiconductor photonic devices such as
lasers, amplifiers and photodetectors. The commonly used techniques for
epitaxial growth are liquid phase epitaxy (LPE) [25], vapor-phase epitaxy
(VPE) [26], molecular beam epitaxy (MBE) [27], and metal organic chem-
ical vapor deposition (MOCVD) [28]. Early work on lasers and amplifiers
were carried out using the LPE growth technique. The MBE technique
is very useful for the growth of very thin semiconductor layers and was
first used to fabricate quantum well structures [29]. The MOCVD tech-
nique and its variants are generally used for commercial production of
lasers, amplifier and photodetectors. These growth techniques are de-
scribed in detail in Chapter 4. In addition to growth, processing tech-
niques of semiconductor materials for laser or amplifier fabrication was
developed. The processing techniques include current confinement, low re-
sistance contacts and etching of the semiconductor material to form specific
geometries [33-35].

In the absence of lattice match the quality of the hetero-interface is
poor, i.e. there are lattice defects which serve as nonradiative recombination
sites. In certain instances it is possible to grow epitaxially thin layers of
one semiconductor on top of another in the presence of a lattice mismatch
of few percent. Such growth is called strained layer epitaxy, it is discussed
in Sec. 4.4. Figure 1.2.2 shows the relationship between band gap (E,) and
lattices constant (a) of several ternary compound semiconductors. The dots
correspond to the binary compounds and the lines represent the ternary
compounds.

The ternary semiconductor Al,Ga;_,As can be grown over a GaAs
substrate over the entire range of Al fraction x because GaAs and AlAs
have nearly the same lattice constant. However, the Al,Ga;_,As material
has a direct band gap for compositions with < 0.45. Semiconductors
with direct band gap are needed for efficient light emission. Heterostruc-
tures using the AlGaAs/GaAs material system was the first to be studied
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Figure 1.2.2 Band gap and lattices constants of several ternary and quaternary com-
pounds formed from the binary compounds. For In;_,Gas,AsyP1_, quaternary mate-
rial, the clear region is the region of direct band gap [2].

extensively. Semiconductor lasers, amplifiers, bipolar transistors and field
effect transistors have been made using this material system.

In the 1970’s considerable resources were devoted for lasers and pho-
todetector fabrication using the quaternary In;_,GagzAs,P1_,/InP mate-
rial system. This material system is particularly suitable for lasers in the
1.3 pm, 1.55 wm wavelength range which is the region of low dispersion and
low optical loss for silica optical fibers. In;_,Ga,As,P1_, can be grown lat-
tice matched over a InP single crystalline substrate for In;_,Ga,AsyPq1_,
compositions for which z ~ 0.45y. Lasers and detectors based on this ma-
terial system are widely used in current fiber optic communication systems.
Semiconductor amplifiers are important for all optical networks which op-
erate near 1.55 pm wavelength range. Thus much of the developments
on optical amplifiers in the 1990’s and continuing on has been using the
Iny_,GazAsyPi_,/InP material system.
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1.3 Operating Principles

Semiconductor optical amplifier is very similar to a laser except it has no
reflecting facets [36, 37]. A typical amplifier chip is ~0.6 to 2mm long. It
has a p-cladding layer, a n-cladding layer and a gain region all of which are
epitaxially grown over a binary substrate.

The schematic of a semiconductor optical amplifier (SOA) chip is shown
in Figure 1.3.1. The amplifier chips have cleaved facets with anti-reflection
coating (and possibly other modifications) which reduces its reflectivity to
nearly zero. Just like the laser, the amplifier has a p-n junction which is
forward biased during operation. The injected current produces gain in the
gain region.

The majority carries are holes in the p-cladding layer and they are
electrons in the n-cladding layers. The electrons and holes are injected into
the gain region which is made of a lower band gap semiconductor than the
cladding layers. The co-located electrons and holes recombine. This results
in spontaneous emission of light and optical gain for light propagating in the
gain region. It is a fortunate coincidence that semiconductors with lower
band gap also has a higher index than semiconductors with higher band
gap. The small index difference produces a waveguide for the propagating
signal light. The signal is guided in this waveguide and it experiences
amplification (gain) until it emerges from the output facet of the amplifier.
Thus the double heterostructure material with n-type and p-type high band
gap semiconductors around a low band gap semiconductor is instrumental
in simultaneous confinement of the charge carriers (electrons and holes) and
the optical signal. This is illustrated in Figure 1.3.2.

The electrons are located in the conduction band and holes are present
in the valence band. In the gain region, the electrons and holes recombine

Current W
p-Cladding
\ug
"N >\
. \ Optical Mode
n-Cladding Gain Region

Figure 1.3.1 Schematic of a semiconductor optical amplifier with no waveguide in the
lateral (along the plane of p-n junction) direction.
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Figure 1.3.2 Schematic illustration of confinement of the electrons and holes and also
simultaneous confinement of optical mode in a double heterostructure.

Conduction Band

\/\/\/\/‘PW

Photon

\ 4

Valence Band

Figure 1.3.3 Schematic illustration of gain (or amplification). An electron-hole pair
recombines to generate a photon. This photon is emitted in the same direction as the
incident photon. The process is known as stimulated emission.

to produce photons through both spontaneous and stimulated emission pro-
cess (Figure 1.3.3). The optical gain of the input signal is due to the stim-
ulated emission process. In the absence of current (electrons and holes),
the semiconductor would absorb the incident photons. A certain minimum
number density of electrons (and holes) are needed to achieve net optical

gain or amplification.



8 Semiconductor Optical Amplifiers

Cladding: Index n, ~

Cladding: Index n, -

Figure 1.3.4 Waveguiding in a double heterostructure. The gain region of index nj
has cladding layers of index ng on both sides. The index n1 > na. The above figure
shows the total internal reflection of a ray incident at an angle 6 (with sinf > (na2/n1))
propagating in the gain region. An alternate view is that a confined optical mode with
intensity profile (shown dashed in the figure) propagates in the waveguide.

Low current operation of an amplifier or laser requires that the optical
signal remain confined in the vicinity of the gain region. In the double
heterostructure this is accomplished by slightly higher index of the gain
material compared to that for the cladding materials. These three layers
form a waveguide. The optical mode propagation in a three layer waveguide
using the ray approach is shown in Figure 1.3.4. The rays incident at an
angle 0, with sinf > (ns/ni1), undergoes total internal reflection at the
interface of the cladding and active region. Thus rays with these sets of
angle of incidence continue to propagate through the amplifier and gets
amplified. Other rays escape from the gain region. An alternative view is
an optical mode with a certain profile determined by the thickness of the
gain region and the indices can propagate through the amplifier without
any diffraction loss. The intensity profile of a propagating mode is also
sketched in Figure 1.3.4. A fraction of the incident optical signal can, in
general, be coupled to the propagating mode. The remaining fraction is
lost. When an amplifier is viewed as an optical element in a larger optical
system, this lost optical signal is viewed as a coupling loss, typically ~50%
per facet (~3dB). Various schemes exist to reduce the coupling losses. So
far the optical waveguiding normal to the p-n junction has been discussed.
Optical waveguiding in the lateral direction (along the plane of the p-n
junction) is also important for fabrication of high performance (low noise)
amplifiers that have high gain at low current. Various schemes for lateral
optical guiding and current confinement have been developed. These are
described in detail in Chapter 4.

1.4 Applications

Semiconductor optical amplifier (SOA) as the name implies could be used
as an amplifier in a fiber optic communication system or other types of
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optical amplifier applications. Although many studies on applications of
SOA in optical fiber systems have been reported, in these applications a
limitation is a relatively low saturation power of the SOA (~10 to 100 mW).

However, the SOA have found many novel applications in all-optical
networks. This includes wavelength conversion where data on a signal at
wavelength \; is converted to data at another wavelength Ay. Optical de-
multiplexing where a very high speed (>100 Gb/s) optical data is converted
to several tributaries of low speed (~10 to 20 Gb/s) data for information
retrieval using conventional electronic means. Optical clock recovery where
a clock signal (timing signal which determines the positions of the 1’s and
0’s ) are generated from the high speed optical data signal. SOA is also suit-
able for many all optical processing such as label swapping, optical header
recognition and optical switching.

All-optical signal processing is expected to become increasingly impor-
tant in future ultrahigh capacity telecommunication networks. The de-
velopment of all optical logic technology is important for a wide range of
applications in all optical networks, including high speed all optical packet
routing, and optical encryption. An important step in the development
of this technology is a demonstration of optical logic elements and circuits,
which can also operate at high speeds. These logic elements include the tra-
ditional Boolean logic functions such as XOR, OR, AND, INVERT, etc.,
and circuits such as parity checker, all-optical adder and shift register. SOA
based devices such as Mach-Zehnder interferometers are being investigated
for the development of all-optical logic circuits.

1.5 Book Overview

The fundamental operating principles of semiconductor optical amplifiers
are derived in Chapter 2. The optical gain spectrum, saturation of gain at
high powers and the mechanism for gain is discussed. The minimum carrier
density needed for amplification is given. The propagation of optical mode
through the dielectric waveguide and mode confinement is discussed. The
need for p-n junction is discussed. Various amplifier gain region designs
such as the multi-quantum-well and the design for specific performance are
described.

Chapter 3 describes radiative and nonradiative recombination mech-
anism of electrons and holes in semiconductors. Expressions for optical
gain, spontaneous recombination rate as a function of carrier density for
various temperatures is obtained and their dependence on band structure
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parameters is discussed. Optical gain in quantum well, quantum wire and
quantum dot amplifiers are described.

Epitaxial growth of amplifier materials are described in Chapter 4. Var-
ious growth processes and amplifier fabrication methods are described. In-
dex guided amplifier structures and their fabrication is described. Strained
layer gain region important for polarization independent gain is described.
Growth of quantum dot materials is described.

In an ideal traveling wave (TW) amplifier the optical beam should not
experience any reflectivity at the facets. However, in practice the facets
with antireflection (AR) coating exhibit some residual reflectivity. This
residual reflectivity results in the formation of an optical cavity which has
resonance at the longitudinal modes. This causes a variation in gain as a
function of wavelength of a traveling wave semiconductor amplifier. Various
schemes for ultra low reflectivity facets are discussed in Chapter 5.

The rate equations for pulse propagation in semiconductor optical am-
plifiers are developed in Chapter 6. The effect of multiple pulses on the
gain and phase changes, and the multiwavelength operation are discussed.
Various factors for optical noise in amplifiers such as the spontaneous-
spontaneous beat noise and signal-spontaneous beat noise are described.

There have been a significant number of developments in the technology
of integration of semiconductor lasers, amplifiers and other related devices
on the same chip. These chips allow higher levels of functionality than that
achieved using single devices. The name photonic integrated circuit (PIC)
is generally used when all the integrated components are photonic devices,
e.g., lasers, detectors, amplifiers, modulators, and couplers. The design
and performance of several photonic integrated circuits with amplifiers are
described in Chapter 7.

The commercial use of semiconductor optical amplifiers are projected
to be in the form of functional devices in all-optical networks. Such func-
tional applications include, wavelength conversion, transparent switch net-
works, optical demultiplexing, optical clock recovery and others. Many
of these applications utilize gain saturation phenomenon (which results in
cross gain/cross phase modulation) or nonlinear four wave mixing in opti-
cal amplifiers. Both the mechanisms needed for the functional performance
and the viability of the amplifier in such applications and discussed in
Chapter 8.

A class of photonic integrated circuits (PIC’s) which use amplifiers are
being investigated for photonic logic systems. The design and performance
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of these PIC’s are described in Chapters 9 and 10. Optical logic circuits
are discussed in Chapter 10.

1.6 Future Challenges

Tremendous advances in InP based semiconductor optical amplifier (SOA)
technology have been achieved in the last decade. Advances in research and
many technological innovations have improved the designs of semiconductor
amplifiers. Although most lightwave systems use optical fiber amplifiers for
signal amplification, SOA’s can be suitably used for integration and as func-
tional devices. The functional properties such as wavelength conversion,
optical demultiplexing, and optical logic elements make them attractive for
all-optical network and optical time division multiplexed systems.

The demand for higher capacity is continuing to encourage research in
wavelength division multiplexed (WDM) based and optical time division
multiplexing (OTDM) based transmissions, which requires optical demul-
tiplexer and high power tunable lasers. An important research area would
be the development of semiconductor amplifiers for the Mach-Zehnder or
Michelsen interferometers and as the low power amplifiers in integrated
devices.

Improving SOA performance at high temperature is an important area
of investigation. The InGaAsN based system is a promising candidate for
making gain regions near 1.3 pm with good high temperature performance.
Strained quantum well structures provide ways of making polarization in-
dependent amplifiers. Amplifiers using quantum dot active region possess
the fast gain and phase recovery times which makes them useful for fast
optical systems.

Finally, many of the advances in the SOA would not have been possible
without the development in materials processing technology. The challenges
of most current research in SOA are closely related to the challenges in
materials growth which include not only the investigation of new material
systems but improvements in existing technologies, such as quantum dots,
for making them more reproducible and predictable systems.
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Chapter 2

Basic Concepts

2.1 Introduction

Significant advances in the research, development and application of semi-
conductor lasers, amplifiers and modulators were achieved over the last
decade. The fiber optic revolution in telecommunication which provided
several orders of magnitude improvement in transmission capacity at low
cost would not have been possible without the development of reliable semi-
conductor lasers. Semiconductor optical amplifier is an important device
for next generation all-optical networks.

Optical amplifier, as the name implies, is a device that amplifies an
input optical signal. The amplification factor or gain can be higher than
1000 (>30dB) in some devices. There are two principal types of optical am-
plifiers. They are the semiconductor optical amplifier and the fiber optical
amplifier. In a semiconductor optical amplifier, amplification of light takes
place when it propagates through a semiconductor medium. The ampli-
fier medium is sandwiched between semiconductor layers with higher band
gap and lower refractive index. The three layers form a waveguide through
which the light travels and undergoes amplification. Semiconductor optical
amplifiers (SOA) are typically less than few mm in length. The operating
principles, design, fabrication and performance characteristics of InP based
semiconductor amplifiers are described in this chapter.

Semiconductor optical amplifier [1-7] is a device very similar to a
semiconductor laser. Optical amplifiers amplify light through stimulated
emission which is responsible for gain. Hence their operating principles,
fabrication and design are also similar. The semiconductor amplifier is
electrically pumped (current injection) to produce gain. For details on
lasers please see Ref. [8-12].

15



16 Semiconductor Optical Amplifiers

2.2 Optical Gain

The optical gain depends on the frequency (or wavelength) of the incident
signals and also on the local intensity of the signal. For simplicity, the gain
medium can be modeled as a homogeneously broadened two-level system
(similar to that often done for a two-level laser). The gain coefficient (gain
per unit length) of such a medium can be written as

_ 90
1+ (w—wo)2T2 + P/Ps

g(w) (2.2.1)
where g is the maximum (peak) value of the gain, w is the optical frequency
of the incident signal, wq is the atomic transition frequency and P is the
optical power of the signal being amplified. The quantity P is known as
the saturation power of the gain medium. It depends on the parameters of
the gain medium such as radiative recombination time and transition cross
section. The parameter T3 in Eq. (2.2.1) is known as the dipole relaxation
time. Its typical value is in the 0.1 to 1 ps range. For radiative transitions
there is another characteristic lifetime (77). This radiative lifetime is often
called the fluorescence lifetime or the population relaxation time. Its val-
ues can vary from 100 ps to 10 ms depending on the gain medium used to
make the amplifier. For semiconductor amplifiers Eq. (2.2.1) is a useful
approximation to the actual gain spectrum which is discussed in detail in
Chapter 3. For semiconductors, To ~ 0.1ps and 17 ~ 200ps to 1 ns. We
use Eq. (2.2.1) to discuss important amplifier characteristics such as gain
bandwidth, net amplification and output power.

2.2.1 Gain spectrum and bandwidth
For low powers, i.e. P/P; < 1, the gain coefficient is given by

9o

g(w) = T (-T2 (2.2.2)
The equation shows the gain is maximum when the incident frequency
w = wg. The gain spectrum is given by a Lorentzian profile that is char-
acteristic of a two-level system. As we will see, in Chapter 3, the actual
spectrum can deviate from this Lorentzian profile. The gain bandwidth is
defined as the full width at half maximum (FWHM) of the gain spectrum
g(w). For the spectrum of Eq. (2.2.2) the gain bandwidth, Aw, is the given

by Awy = 2/T5 or equivalently by Av, = Aw, /27 = 1/7T5.
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For a typical semiconductor amplifier T ~ 0.1ps, this results in
Avy ~ 3 THz. Amplifiers with large bandwidth is desirable for multiwave-
length amplification such as would be the case for a wavelength division
multiplexed (WDM) optical transmission system. Ay, is the bandwidth of
the gain spectrum. A related concept is the gain bandwidth. The difference
between the two becomes clear when the amplifier is considered as a single
element with a gain G defined as

Pout
G = N (2.2.3)

where P, and P, are the optical input and output power of the amplifier.
P, and P, are related by the amplifier equation
apP
=
where P(z) is the optical power at a distance z from the input end (z = 0).
For a constant g, Eq. (2.2.4) has the solution

gP (2.2.4)

P(z) = Pyexp(gz). (2.2.5)

For an amplifier medium of length L, using P(L) = P,yt, it follows from
the above

G(w) = explg(w)L]. (2.2.6)

The amplifier gain G(w) is maximum for w = wp, i.e. when g(w) is
maximum and decreases when w departs from wy. However, G(w) decreases
faster than g(w) because of the exponential dependence. Using Eq. (2.2.6),
the FWHM of G(w), Av, can be related to Ay, by

In2
Avg, = A — . 2.2.7

Ve Yo (goL—ln2> ( )
Av, is known as the amplifier bandwidth. As expected, Ay, is smaller than
Avy, the value of Av, depends on the amplifier gain.

2.2.2 Gain saturation

Equation (2.2.1) shows that the material gain depends on the optical power
(P). For low optical powers, the gain is higher than that for high optical
powers. This is the origin of gain saturation. Since g is reduced when P
becomes comparable to Ps, the amplifier gain G also decreases when P
becomes large. For simplicity, we consider the case when the frequency of
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the incident light w = wp, in this case, using Eqgs. (2.2.1) and (2.2.4) it
follows

dP goP

= =% 2.2.
dz 1+ P/P, (228)

The above equation can be solved using the boundary conditions P(0) =
P, and P(L) = P, where L is the length of the amplifier. The amplifier
gain G = P,/ Pay.

The following relation is then obtained for the large signal amplifier
gain:

(2.2.9)

G = Ggexp (—G_lpout)

G P

where Gy = exp(goL) is the unsaturated gain of the amplifier, i.e. gain
for P <« P;. Equation (2.2.9) shows that the gain G decreases from Gy
when P, becomes comparable to P;. Figure 2.2.1 shows the saturation
characteristics under two different unsaturated gain G values.
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Figure 2.2.1 Normalized saturated amplifier gain G/Gp as a function of the normalized
output power.
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A parameter known as output saturation power Psy, is defined as the
output power at which the saturated gain decreases to half of its unsatu-
rated value, i.e. the value of Py for which G = Gy/2. Using Eq. (2.2.9)
Psout is given by

Go In2

PSOUt:Go—Q

P,. (2.2.10)

Piout is smaller than Ps. For amplifiers with large gain (Gp > 100), Psout
is nearly independent of G. For a typical amplifier with 30dB gain (Gy =
1000), Piout ~ 0.69 Ps.

2.3 Dielectric Waveguide

Conceptually, stimulated emission in a semiconductor amplifier arises from
electron-hole radiative recombination in the active region, and the light gen-
erated is confined and guided by a dielectric waveguide (Figure 2.3.1). The
active region has a slightly higher index than the p- and n-type cladding
layers, and the three layers form a dielectric waveguide. The energy dis-
tribution of the fundamental mode of the waveguide is also sketched in
Figure 2.3.1. A fraction of the optical mode is confined in the active
region. Two types of fundamental transverse modes can propagate in the

DISTANCE
)
P CLADDING
n
e 4 ds2
ny ACTIVE REGION d 0
N CLADDING ¥ -ds2
ng
ﬁ B AR
FACET INTENSITY

Figure 2.3.1 The dielectric waveguide of the semiconductor amplifier. na is the refrac-
tive index of the cladding layers and n; that of the active region. n1 > na. The cladding
layers are of a higher bandgap material than the active region. The intensity distribution
of the fundamental mode is shown. The cross-hatched region represents the fraction of
the mode (I') within the active region.
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waveguide: the transverse electric (TE) and the transverse magnetic (TM)
modes.

The expression for the confinement factor (T'), the fraction of mode
in the active region, has been previously calculated [13, 14]. Figure 2.3.2
shows the calculated I' as a function of active layer thickness for the TE
and TM modes for the A = 1.3 wm InGaAsP double heterostructure with
p-InP and n-InP cladding layers.

For a three-layer slab waveguide with cladding layer index no and active
layer index ni, the confinement factor of the fundamental mode can be
approximated by [14]

D2

r=——_ 2.3.1
2+ D2 ( )

with D = kg (n% — n%)l/zd, where d is the thickness of the active region and
ko = 2m/Xo where )\ is the wavelength in free space.
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Figure 2.3.2 Confinement factor of the fundamental TE and TM modes for a waveguide
with InGaAsP (A = 1.3pum) active layer and InP cladding layers as a function of the
thickness of the active region [13]. The refractive indexes of the active and cladding
region are 3.51 and 3.22, respectively.
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The optical gain of a signal in the fundamental mode traveling through
the amplifier is given by

gm =Tg. (2.3.2)

The mode gain (g,,) is proportional to the mode confinement factor I'.
Since the TE and TM modes have different confinement factors the optical
gain for the TE and TM modes are different, i.e. the semiconductor optical
amplifier generally exhibits a polarization dependence of gain. This is gen-
erally not desirable. Figure 2.3.2 shows that amplifiers with thick active
region will have low polarization dependence of gain.

If Ps is the saturation power of the gain medium, the observed saturation
power is given by

Py
P, (observed) = ? (2.3.3)

Thus amplifiers with small mode confinement factor (small I') such as
quantum well amplifiers exhibit high saturation power.

The amplifiers used in lightwave system applications, either as pream-
plifiers in front of a receiver or as in line amplifiers as a replacement of
regenerators, must exhibit nearly equal optical gain for all polarizations of
the input light. For thick active regions, the confinement factors of the TE
and TM mode are nearly equal (Figure 2.3.2). Hence the gain difference
between the TE and TM modes is smaller for amplifiers with a thick active
region [4]. The calculated TE/TM gain difference for an amplifier operating
in the 1550 nm wavelength range is shown in Figure 2.3.3. The active region
consists of InGaAsP active layer with p-InP and n-InP cladding layers.

2.4 Condition for Amplification

Sufficient numbers of electrons and holes must be excited in the semicon-
ductor for stimulated emission or net optical gain [15-19]. A semiconductor
with no injected carriers would absorb a photon whose energy is larger than
the band gap. With increasing carrier injection this absorption decreases
until there is no absorption (the material is transparent to the photon). At
carrier densities higher than this amount the semiconductor will exhibit net
optical gain. The condition for zero net gain or absorption (transparency)
at photon energy F is given by [20, Chapter 3, Eq. (3.2.8)]

Efc + Ef'u =F— Eg (2.4.1)
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Figure 2.3.3 The optical gain difference between the TE and TM mode of a semi-
conductor amplifier is plotted as a function of device length for different active layer
thickness [7]. For the plot, the amplifier gain for the TE mode is 20 dB. The reflectivity
of each facet is 0.01%.

where Ey , Ey, are the quasi-Fermi levels of electrons and holes, respec-
tively, measured from the respective band edges (positive into the band) and
E, is the band gap of the semiconductor. For zero net gain (transparency),
the above condition becomes Ey, + E; = 0. For undoped material at a
temperature T the quasi-Fermi energy Iy is related to the injected carrier
(electron or hole) density n by [8-10]

n (2.4.2)

I
U m ) 1T+exple—ey)

with N, = 2 (2wmci—:§)3/2 and ey, = Ey, /kT, where k is the Boltzmann
constant, h is Planck’s constant, T is the temperature, and m. is the effec-
tive mass of the electrons in the conduction band. A similar equation holds
for holes.
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Figure 2.4.1 The calculated injected carrier density for transparency as a function of
temperature for undoped A = 1.3 um InGaAsP.

Figure 2.4.1 shows the variation of the injected carrier density for
transparency (n;) as a function of temperature for undoped A = 1.3 pm
InGaAsP. The parameter values used in the calculation are m. = 0.061
mo, mpp = 0.45 mq, myp, = 0.08 mg, where mg, mppn, my, are the free elec-
tron, heavy hole, and the light hole mass, respectively. Figure 2.4.1 shows
that ng, is considerably smaller at low temperatures. For optical gain the
injected carrier density must be higher than n;.

The high carrier densities needed for gain can be generated in a semi-
conductor by optical excitation or current injection. The optical gain as
a function of carrier density and current density is discussed in detail in
Chapter 3. The amplifier gain is higher at low temperature for the same
injection current.

2.5 P-N Junction

Under high current injection through a pn junction, a region near the
depletion layer can have a high density of electrons and holes. These elec-
trons and holes can recombine radiatively if the interfaces are free of traps.
The device will amplify light if the number density of electrons and holes
are sufficiently high.

The energy-band diagram of a pn junction between two similar semicon-
ductors (homojunction) at zero bias is shown in Figure 2.5.1. The dashed
line represents the Fermi level. Under forward bias, both electrons and
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Figure 2.5.1 Energy band diagram of a pn junction at (a) zero bias, (b) forward bias
V &~ Eg4/e. (c) Schematic representation of electrons and hole densities under forward
bias V =~ Eg4/e.

holes are present near the depletion region. This region can have net gain
if the electron and hole densities are sufficiently high. However, the thick-
ness of the gain region is very small (~100 A), which makes the confinement
factor (I') for an optical mode very small. Hence from Eq. (2.3.2) it follows
that the gain is low for homostructures.

The threshold current of an injection laser was historically reduced using
a double heterostructure for carrier confinement, which increased the size
of the region of optical gain [21-23]. The double heterostructure laser
utilizes a pn heterojunction for carrier injection. The semiconductor optical
amplifiers also utilize a double heterostructure for carrier injection and
carrier confinement.
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A pn heterojunction is a pn junction in a single crystal between two dis-
similar semiconductors. Thus the fabrication of heterojunctions had to wait
until the development of epitaxial growth techniques. The energy-band dia-
gram of a double heterostructure laser at zero bias is shown in Figure 2.5.2.
The device consists of a narrow-gap semiconductor (p-type, n-type, or un-
doped) sandwiched between higher-gap p-type and n-type semiconductors.
The narrow-gap semiconductor is the light-emitting region (active region)
of the laser. The dashed line represents the Fermi level. For the purpose of
illustration we have chosen the active region to be p-type in Figure 2.5.2.
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Figure 2.5.2 Energy band diagram of a double heterostructure laser; (a) zero bias,
(b) forward bias V =~ Eg/e.
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The band diagram under forward bias is shown in Figure 2.5.2(b). Electrons
and holes are injected at the heterojunction and are confined in the active
region. Thus the region of optical gain is determined by the thickness of the
active region in double heterostructure lasers. In addition, the refractive
index of the lower-gap active region is higher than that for the n-type and
p-type higher-gap confining (also known as cladding) layers. These three
layers form a waveguide for the propagating optical mode, as discussed
previously.

The active region thickness of an optical amplifier is typically in the
range of 0.2-0.4pum. Amplifiers with thick active region are needed for
polarization independent gain. In addition, in many cases, thick active
region or a separate layer with a band gap intermediate between the active
region and cladding layer is used for fast gain recovery and hence fast
performance of semiconductor amplifiers.

Within the last two decades, with the development of molecular beam
epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD)
growth techniques, it has been possible to fabricate very thin epitaxial
layers (<200 A) bounded by higher-gap cladding layers. These double het-
erostructures are called quantum well double heterostructures because the
kinetic energy for carrier motion normal to the plane of the active region
is quantized, similar to that for a one-dimensional potential well [24, 25].
The modification of the electron-hole recombination characteristics (which
is the basis of amplification) in quantum wells is described in Chapter 3.
Optical amplifiers with quantum well active regions have low confinement
factor which, in general, have high saturation power and is therefore suitable
for integration with other optical devices on a single chip. Such photonic
integrated circuits are discussed in Chapter 7.

2.6 Amplifier Characteristics

Extensive work on optical amplifiers were carried out in the 1960s using the
AlGaAs material system [1-3]. Much of the recent experimental work on
semiconductor optical amplifiers have been carried out using the InGaAsP
material system with the optical gain centered around 1.3 pm or 1.55pum.
This is primarily due to their potential use in all-optical networks.
Semiconductor optical amplifiers can be grouped into two categories,
the Fabry Perot (FP) amplifier and the traveling wave (TW) amplifier.
A FP amplifier has considerable reflectivity at the input and output ends
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which results in resonant amplification at Fabry Perot modes. Thus, a FP
amplifier exhibits a very large optical gain at wavelengths corresponding
to the longitudinal modes of the cavity and the gain is small in between
the cavity modes. This modulation in gain is undesirable if the amplifier
is used in optical networks. The TW amplifier, in contrast, has negligible
reflectivity at each end which results in signal amplification during a single
pass. The optical gain spectrum of a TW amplifier is quite broad and
corresponds to that of the semiconductor gain medium. Most practical
TW amplifiers exhibit some small ripple in the gain spectrum which arises
from residual facet reflectivity. TW amplifiers are more suitable for system
applications. An example of the gain spectrum of a TW amplifier with
antireflection coated cleaved facets is shown in Figure 2.6.1. The output
exhibits modulations at longitudinal modes of the cavity because the optical
gain is slightly higher at the modes than in between the modes. Both
TE (transverse electric) and TM (transverse magnetic) fundamental modes
can propagate in a TW amplifier. These modes have slightly different
effective indices due to slightly different confinement factors and hence the
precise antireflection coating needed for these modes are different. Thus
the residual modulation in TE and TM mode gain in TW amplifiers due to
nonzero facet reflectivity are spectrally displaced. This problem is reduced
considerably for amplifiers with thick active region.
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Figure 2.6.1 Measured gain spectrum of a traveling wave (TW) type semiconductor
optical amplifier at several current levels.
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For plane waves, a quarter wave thick (thickness = \g/4n where n is the
index of the dielectric layer) single layer dielectric coating with an index
n= ml,{ % where n,, is the index of the semiconductor material is sufficient
to create a perfect (zero reflectivity) antireflection coating. The waves
propagating in the amplifier are not plane waves and the above therefore
serves only as an approximation. For low gain modulation (also known as
gain ripple) the facet reflectivity of a TW amplifier must be <0.01%. Much
effort has been devoted to fabricate amplifiers with very low effective facet
reflectivity. Such amplifier structures either utilize special low effective
reflectivity dielectric coatings, or have tilted or buried facets. Fabrication
and performance of these devices are described in Chapter 5.

Another parameter of interest for amplifier characteristics is the gain as
a function of current. The optical gain is found to increase with increasing
current, then it saturates. Typical data for this characteristics is shown
in Figure 2.6.2. The optical gain decreases with increasing temperature at
a given current. This is due to several factors. Electrons are distributed
over a wider energy range at high temperature and hence the number of
electrons available for participating in optical transition (gain) at a given en-
ergy is fewer. Nonradiative recombination which increases with increasing
temperature for long wavelength materials (~1.55um) causes a reduction
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Figure 2.6.2 Gain as a function of current of a semiconductor amplifier. The input
power is —29dBm (~ 1 uwW). The device has a buried heterostructure design.
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in gain for a given current. In addition, many semiconductor amplifiers
are fabricated using buried heterostructure designs (for good mode stabil-
ity). These designs rely on reverse biased junctions for confinement of the
current to the active region and therefore necessarily have higher leakage
current (current going around the active region) at high temperatures. This
is discussed in Chapter 3.

As discussed earlier, the optical gain decreases with increasing optical
input power. This phenomenon also exhibits itself as a saturation in gain
as a function of current. With increasing current the gain increases and
hence the signal acquires high enough intensity to reduce its gain before
it reaches the output facet. Since the optical power in a TW amplifier
increases as the signal propagates through the amplifier, the maximum gain
saturation occurs near the output port. The gain saturation characteristics
of an amplifier is generally plotted as the measured gain as a function of
output power (Figure 2.6.3). The saturation output power is the power at
which the gain is reduced by a factor of 2 (3dB) from that for small output
powers.

When an amplifier is operated in the saturated regime with multiple
input signals (for example at different wavelengths) a crosstalk (i.e. transfer
of modulation from one signal to another) occurs. This crosstalk limits the
use of amplifier in multichannel transmission systems.
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Figure 2.6.3 Gain as a function of output power. Solid line is plotted using Eq. (2.2.9),
with Go = 18, Ps = 2.5mW. Dots are measured gain.
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2.7 Multiquantum Well Amplifiers

Semiconductor amplifiers with a multiquantum well (MQW) active region
(see Chapter 3 for details) have high gain in TE polarization. The gain in
TM polarization is considerably lower. In addition, these amplifiers have
high saturation power due to small confinement factor. Typical gain as a
function of output power is shown in Figure 2.7.1.

The saturation power of this amplifier is 28 mW. This amplifier had
a four-quantum-well active region. Because of high saturation power and
high TE mode gain, MQW amplifiers are attractive candidates for on-chip
integration with lasers (which also emit in TE mode) as power boosters.
An important reason for higher saturation power of MQW amplifiers is low
confinement factor of the optical mode (Eq. (2.3.2)).

MQW amplifiers fabricated using lattice matched semiconductors have
high gain in the TE mode. The TM mode gain is significantly smaller.
This is because TM mode transitions involve light holes and the light hole
population is smaller than the heavy hole population. However, polariza-
tion independent gain in MQW SOA with tensile strained active region has
been reported [26, 27] (see Chapter 4 for strained layer growth). The tensile
strain results in nearly degenerate valence band maximum and thus equal
transition probability for light and heavy holes. A more versatile design
has been reported using both compressive and tensile strained quantum
well layers in the MQW structure [28, 29]. In this design, the quantum well
layers are tailored (strain, composition or well width) in order to equalize
the bandgaps as shown in Figure 2.7.2. The compressively strained quan-
tum well structure only contribute to TE polarized gain, and the tensile
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Figure 2.7.1 Gain as a function of output power for multiquantum well amplifiers.
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Figure 2.7.2 Operating principle of polarization insensitive multiquantum well ampli-
fier [28].

strained quantum wells contribute mainly to TM gain and to TE gain to
some extent. The ratio of TE to TM gain (given by ratio of the matrix
elements) for electron-light hole recombination (in tensile strained mate-
rial) is about 1 to 4. The ratio of the number of both types (compressive
and tensile) strained layers and their widths are optimized in the structure
so as to yield polarization insensitive gain.

Figure 2.7.3 shows the polarization resolved (fiber-to-fiber) gain spectra
of a MQW semiconductor optical amplifier with four 1% compressively (4C)

8
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Figure 2.7.3 TE and TM polarization resolved gain spectrum for four compressively
strain (4C) and two, three and four tensile strained (2T, 3T and 4T) MQW amplifier
respectively [28].
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strained Ing g3 Gag.17As0.67 Po.33 (width = 4.5nm) and two, three and four
1% tensile (QT, 3T, 4T) strained In0.5 Ga0_5As0_78 P0_22 (Wldth =11 nm)
wells respectively. The amplifier is driven at 100mA and the amplifier
length is 750 wm. Nearly polarization independent gain is obtained for the
3T/4C design.

Amplifiers using quantum dot active region have also been studied.
These amplifiers have a fast gain and phase recovery characteristics which
make them suitable for high speed optical processing applications.
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Chapter 3

Recombination Mechanisms
and Gain

3.1 Introduction

Recombination mechanisms in direct gap semiconductors are described in
this chapter. Recombination mechanisms can, in general, be divided into
two categories: radiative and nonradiative. The radiative recombination
of the electrons and holes are responsible for stimulated optical emission
or gain. Sufficient numbers of electrons and holes must be excited in the
semiconductor for net optical gain.

The optical processes associated with radiative recombination are: op-
tical gain or optical absorption, spontaneous emission and stimulated emis-
sion. Calculation of the rates associated with these processes for direct gap
semiconductors are described here. Quantum well, quantum wire and quan-
tum dots are semiconductor heterostructures with very small dimensions
along one, two or all three directions respectively. In these structures, the
optical gain is modified due to the modification of the density of electron
and hole states.

Nonradiative recombination of an electron-hole pair, as the name im-
plies, is characterized by the absence of an emitted photon in the recom-
bination process. This recombination can occur at defects in the material
or at semiconductor surfaces/interfaces which have dangling bonds. Auger
recombination is a particular type of nonradiative recombination process
which is expected to be larger for lower band gap semiconductors and at
high temperatures. Calculation of these nonradiative recombination pro-
cesses and their impact is described.
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36 Semiconductor Optical Amplifiers

3.2 Radiative Recombination

The basis of light emission in semiconductors is the recombination of an
electron in the conduction band with a hole from the valence band; the
excess energy is emitted as a photon (light quantum). The process is called
radiative recombination. The energy versus wave vector diagram of the
electrons and holes in a cubic (zinc blende type) semiconductor is shown in
Figure 3.2.1. For direct gap semiconductors, the bottom of the conduction
band and the top of the valence band are at the same point in momentum
space or k space (E = 0 in Figure 3.2.1). This allows both energy and
momentum conservation in the process of photon emission by electron-hole
recombination.

For indirect gap semiconductors (e.g. silicon), the momentum conser-
vation can be achieved with the assistance of a phonon (lattice vibration),
which significantly decreases the probability of radiative recombination.

The valence band in many I1I-V semiconductors is represented by three
major subbands. These are the heavy hole band, the light hole band, and
the spin-split off band. The radiative transitions occurring near bandgap

CONDUCTION BAND

E ELECTRONS

ENERGY

-

k
WAVEVECTOR

AHEAVY-HOLE BAND

HOLES
LIGHT-HOLE BAND
SPLIT-OFF BAND

Figure 3.2.1 Energy versus wave vector of the four major energy bands for a zinc blende
type of direct gap semiconductor [1].

T N\ LIGHT




Recombination Mechanisms and Gain 37

energies are due to the recombination of electrons with heavy holes and
light holes. A heavy hole, as the name implies, has larger effective mass
than a light hole, which makes the density of states (and also the available
number of heavy holes for a given Fermi level) larger than that for the
light holes.

3.2.1 Condition for gain

Consider the transition shown in Figure 3.2.1 for a photon whose energy
hv =E = E;+ E.+ E,, where E is the band gap, . and F, are energies
of the electron and hole, respectively. The photon can be absorbed creating
an electron of energy E. and hole of energy F,. The stimulated emission
rate is given by

R, = chfvp(E) (321)

where B is the transition probability, p(F) is the density of states of pho-
tons of energy FE, f.(E.) and f,(E,) are the Fermi factors which is the
probability that electron and hole states of energy F. and E, are occupied.
The quantities f.(E.) and f,(E,) are given by

1

" 1+ exp[(Ee — Ego)/KT)
1

" 1+ exp[(By — Efo)/KT)

fe(Ee) (3.2.2)

fo(Ey) (3.2.3)

where Ey., Ey, are the quasi-Fermi levels of the electrons and holes,
respectively. The stimulated emission process involves the recombination
of an electron and hole pair and the absorption process creates an electron
and hole pair. The absorption rate for photons of energy F is given by

Ro = BO— £)(1 = £)p(E). (3.2.4)
The condition for net stimulated emission or gain is

R. > Ra. (3.2.5)
Using Egs. (3.2.1) and (3.2.4) this becomes

fet fo>1. (3.2.6)
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Using Eqgs. (3.2.2) and (3.2.3) for f. and f, the condition for gain at photon
energy E becomes

Efe+FEp, > FE — Ey. (3.2.7)

This condition was first derived in Ref. [2]. The condition for zero net gain
or zero absorption at photon energy is

Efc + Efq, =F— Eg. (328)

Since the minimum value of F is £, the condition for gain at any energy
is Ef. + Ey, = 0. This is often known as the condition for transparency.

3.2.2 Gain calculation

The quantities associated with a radiative recombination are the absorption
spectrum, emission spectrum, gain spectrum, and total radiative emission
rate. The optical absorption or gain for a transition between the valence
band and the conduction band at an energy E is given by [3, 4]

2 +oo
F) = g | BB M B
X [f(E" = E' — E) — f(E')dE’ (3.2.9)

where mg is the free electron mass, h is the Planck’s constant, e is the
electron charge, ¢ is the permittivity of free space, E is the photon energy,
n is the refractive index at energy E, and p. and p, are the densities of
state for unit volume per unit energy in the conduction and valence band,
respectively. f(E’) is the probability that a state of energy E’ is occupied by
an electron and M is the effective matrix element between the conduction
band state of energy E’ and the valence band state of energy E”. Hwang [5]
has shown that the contribution of the band-tail impurity states can be
significant for photon energies near the band edges. Several models for
the density of states and matrix element for transition between band-tail
states exist [3, 4]. The latest of such models that take into account the
contributions of the parabolic bands and impurities is a Gaussian fit of the
Kane form to the Halperin-Lax model of band tails. This was first proposed
by Stern [6] and used to calculate the gain and recombination rate in GaAs.

The matrix element M may be expressed as a product of two terms:
M = MyMepny. The quantity M, arises from the band-edge Bloch functions
and M,y arises from the envelope wave functions. For III-V semiconductors
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using the Kane model [1],

m2E, E,+ A
12m, E, 4+ 2A

|My|* = (3.2.10)
where m is the conduction-band effective mass, E; is the energy gap, and
A is the spin-orbit coupling. The envelop matrix element for the band-tail
states have been calculated by Stern [6].

The calculated spectral dependence of absorption or gain at various in-
jected carrier densities is shown in Figure 3.2.2 for InGaAsP (A~ 1.3 uwm)
with acceptor and donor concentrations of 2 x 107 cm™3. The calculation

250 InGaAsP
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Figure 3.2.2 Calculated gain or absorption as function of photon energy for A =
1.3um(Egy = 0.96eV) InGaAsP at various injected carrier densities [7].
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was done using Gaussian Halperin-Lax band tails and Stern’s matrix
element [4]. The material parameters used in the calculation are m, =
0.061mg, mpp = 0.45mg, myp, = 0.08mg, A = 0.26eV, Ey; = 0.96eV, and
e = 11.5. Figure 3.2.2 shows that the gain peak shifts to higher energies
with increasing injection. This is observed in semiconductor amplifiers.
Figure 3.2.3 shows the maximum gain as a function of injected carrier
density at different temperatures. Figure 3.2.4 shows the maximum gain

300 T
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Figure 3.2.3 The maximum gain as a function of injected carrier density for undoped
InGaAsP (A = 1.3um) at different temperatures [8].
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Figure 3.2.4 The maximum gain as a function of nominal current density for InGaAsP
(A = 1.3 um) at different temperatures [8].
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as a function of nominal current density for InGaAsP (A = 1.3pum) at
different temperatures. Figures 3.2.5 and 3.2.6 show similar results for
InGaAsP (A ~ 1.55um). The differences between the two sets of results
for the two materials is primarily due to differences in the band structure
parameters such as effective masses of the conduction band electrons and
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Figure 3.2.5 The maximum gain as a function of injected carrier density for undoped
InGaAsP (A ~ 1.55um) at different temperatures [8].
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Figure 3.2.6 The maximum gain as a function of nominal current density for undoped
InGaAsP (A ~ 1.55um) at different temperatures [8].
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valence band holes. Note that considerably lower injected carrier density
is needed at a lower temperature to achieve the same optical gain. This
is the origin of the lower threshold current at low temperature. It is often
convenient to use a linear relationship between the gain g and the injected
carrier density n of the form

9= a(n—no) (3.2.11)

where a is the gain coefficient and ng is the injected carrier density at
transparency.

3.2.3 Spontaneous emission rate

At unity quantum efficiency, the total spontaneous radiative recombination
rate R equals the excitation rate. The latter is usually expressed in terms
of the nominal current density J,, [3, 4]:

Ju[A/(em? pm)] = eR (3.2.12)

with R = f Tspon(E)dE where e is the electron charge and the thickness
of the active region is assumed to be 1pm. rgpon(E) is the spontaneous
emission rate at a photon energy FE. It is given by [3, 4].

drne?E [T

2ol | pe(E)pu(E")|M(E', E")? f(E")[1—f(E")|dE'.

(3.2.13)
The calculated maximum optical gain g as a function of the nominal cur-

Tspon (E) =

rent density at various temperatures is shown in Figure 3.2.4 for InGaAsP
(A ~ 1.3um). The calculation is for an undoped lightly compensated ma-
terial with 10" cm ™2 of acceptors and donors, respectively. Note that gain
varies linearly with J,, above a certain gain. From the above figure, the
relationship between gain and nominal current density for InGaAsP (A ~
1.3 pm) at 300K is approximately given by

g = 0.08(J, — 3100)cm* (3.2.14)

where J,, is expressed in amperes per square centimeter per micron. The
total spontaneous radiative recombination rate R can be approximated by

R = Bnp (3.2.15)

where B is the radiative recombination coefficient and n, p are the electron
and hole densities, respectively. For undoped semiconductors, Eq. (3.2.15)
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becomes R = Bn?. For GaAs, the measured B = 1 x 1071%cm3/s. Cal-
culation of the radiative recombination rate shows that B decreases with
increasing carrier density [4]. This has been confirmed by carrier lifetime
measurements [9)].

In double heterostructure materials, the injected carriers can recombine
by both radiative and nonradiative recombination. The injected current
density J is simply the sum of the radiative R and nonradiative R, re-
combination rates in the absence of carrier leakage:

J=eR+Rp)d=Jr+Jny (Jr=Jpnd) (3.2.16)

where e is the electron charge, d is the active layer thickness, and J,,
Jnr are the radiative and nonradiative components of the current density,
respectively.

For a GaAs double heterostructure material where the quantum effi-
ciency is believed to be close to unity, that is, most of the injected carriers
recombine radiatively, J ~ J,.. The relation between the optical gain and
the nominal current density for GaAs material system has been calculated
by Stern [6]. It is given by

g = 0.045(.J,, — 4200) cm ™! (3.2.17)

where J, is expressed in amperes per square centimeter per micron.

It is useful to make connection with the operation of a GaAs laser for
which the nonradiative recombination is believed to be very small. For a
laser the optical gain provided by current injection must equal optical loss.
The latter includes mirror losses. This is expressed as

1 1
Tgth = aal' + (1 = TD)ae + 7 In = (3.2.18)

where gy, is the threshold gain in the active region; oy, o, are the absorption
losses in the active and cladding regions, respectively; L is the cavity length;
and R is the mirror facet reflectivity. Typically, L ~ 300 um and R ~ 0.3.
For a 0.2-pm-thick active layer, I' (TE) is ~0.6, and using o, = a. =
20cm ™, o ~ 30cm ™!, the calculated ggn ~ 110cm ™.

The threshold current of a 250-pm-long GaAs-A1GaAs double het-
erostructure laser with 2 um x 0.2 wm active region can now be calculated
using Eq. (3.2.17). The calculated Jg, = 1.35kA/cm?, and the threshold
current is 6.7mA. This compares well with the experimentally observed
threshold currents in the range 5-10mA for GaAs-A1GaAs double het-

erostructure lasers with good current confinement.
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Figure 3.2.4 shows that the current density needed to achieve a certain
optical gain increases with temperature. The same figure also illustrates
that the threshold current density of a laser is expected to increase with
increasing temperature. For InGaAsP lasers, a significant amount of non-
radiative recombination is believed to be present at high carrier densities
needed for gain. The nonradiative recombination can increase the cur-
rent needed for gain (as shown in Eq. (3.2.16)) and also its temperature
dependence.

3.3 Nonradiative Recombination

An electron-hole pair can recombine nonradiatively, meaning that the re-
combination can occur through any process that does not emit a photon. In
many semiconductors, for example pure germanium or silicon, the nonra-
diative recombination dominates radiative recombination. The measurable
quantities associated with nonradiative recombination are internal quan-
tum efficiency and carrier lifetime. The variation of these quantities with
parameters such as temperature, pressure, and carrier concentration are by
and large the only way to identify a particular nonradiative recombination
process.

The effect of nonradiative recombination on the performance of ampli-
fiers is to increase the current needed for a certain optical gain. If 7, is
the carrier lifetime associated with the nonradiative process, the increase
in current density is given approximately by

d
J.= (3.3.1)

Tn T

where n is the carrier density, d is the active layer thickness, and e is the
electron charge. The nonradiative recombination processes described in
this section are the Auger effect, surface recombination, and recombination
at defects or traps.

3.3.1 Auger effect

Since the pioneering work by Beattie and Landsberg [10] it is generally
accepted that Auger recombination can be a major nonradiative recom-
bination mechanism in narrow-gap semiconductors. Recent attention to
the Auger effect has been in connection with the observed greater higher
temperature dependence of threshold current of long-wavelength InGaAsP
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laser compared to short-wavelength Al1GaAs lasers [11-15]. It is gener-
ally believed that the Auger effect plays a significant role in determining
the observed high-temperature sensitivity of InGaAsP lasers and ampli-
fiers operating near 1.3 and 1.55um. There are several types of Auger
recombination processes. The three major types are band-to-band process,
phonon-assisted Auger process, and trap-assisted Auger processes.

The band-to-band Auger processes in direct gap semiconductors are
shown in Figure 3.3.1. The three processes are labeled CCCH, CHHS, and
CHHL, where C stands for the conduction band and H, L, S stand for heavy-
hole, light-hole, and split-off valence hole, respectively. The CCCH mech-
anism involves three electrons and a heavy hole and is dominant in n-type
material. The process was first considered by Beattie and Landsberg [10].

The CHHS process involves one electron, two heavy holes, and a split-off
band hole. The CHHL process is similar to the CHHS process except that
it involves a light hole. The CHHS and CHHL mechanisms are dominant
in p-type material. Under the high injection conditions present in lasers
and amplifiers, all these mechanisms must be considered.

Band-to-band Auger processes are characterized by a strong temper-
ature dependence and band gap dependence, the Auger rate decreasing
rapidly either for low temperature or for high band-gap materials. These
dependencies arise from the energy and momentum conservation that the
four free particle states involved (1, 2, 1/, 2’ in Figure 3.3.1) must satisfy.

CONDUCTION BAND

2/
ZSF’LIT—OFF BAND

CCCH CHHS CHHL

Figure 3.3.1 Band-to-band Auger recombination processes in a direct gap semi-
conductor [8].
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The momentum and energy conservation laws give rise to a threshold en-
ergy Ep for each of the processes. For the CCCH process, if we assume
Ey ~ E3 =0, only holes with energies greater than ~(Er — Ey) = 0E, can
participate (0 is a constant that depends on effective masses). The num-
ber of such holes varies approximately as exp(—dE,/kT') for nondegenerate
statistics and thus the Auger rate varies approximately as exp(—0E,/kT)
in the nondegenerate case.

The Auger rate calculations [8] can be applied to any direct-gap semi-
conductor for which the Kane model of the band structure is valid. The
various band-to-band Auger processes are characterized by a strong depen-
dence on both the band gap (E,) and the temperature T'. In the nondegen-
erate approximation, the proportional dependence of the Auger rate R4 on
E, and T may be approximately written as

R4 x exp(—AE/kT), (3.3.2)

where for the CCCH process

Me

AFE = Ey,
2meo + My — Me
for the CHHS process
AE = T (By — D),
2mv + meo — M
and for the CHHL process
o™ g

2m1) + meo — My

where m.o, m, are the conduction-band and the valence-band (heavy-hole)
mass at the band edge and m., ms, and m; are the effective masses of
an electron, split-off band hole and the light hole at the energy Ep =
E; + AE where AE is given by the above equations for the respective
processes and £ is the band gap. Thus the non-parabolicity of the band
structure plays a significant role in determining the Auger recombination
rate. The calculated Auger recombination lifetime for the three processes
CCCH, CHHS and CHHL at a carrier density of 10'® cm ™ as a function of y
(the arsenic composition) for InGaAsP lattice matched to InP is shown in
Figure 3.3.2.
The bandgap of InGaAsP decreases with increasing y as

E,(y) = 1.35 — 0.75y + 0.12y? (3.3.3)
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Figure 3.3.2 The calculated Auger recombination lifetime for the three processes
CCCH, CHHS and CHHL at a carrier density of 10'® cm™3 as a function of y (the
arsenic composition) for InGaAsP lattice matched to InP [8].

for compositions that is lattice matched to InP (x ~ 0.45y). The Auger
lifetime decreases, i.e. Auger recombination rate increases with decreasing
band gap.

First consider n-type materials where the CCCH process is dominant.
In the nondegenerate approximation with parabolic bands (m. = m.o),
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Eq. (3.3.2) can be further simplified to yield

(3.3.4)

Ry aexp‘———

where © = meo/m,. Since, in general, the conduction-band effective mass
decreases with decreasing band gap, it follows that the lower band-gap ma-
terials will have a larger band-to-band Auger rate. A similar results holds
for p-type materials for the CHHL Auger process. However, an interesting
case may arise for the CHHS process (in p-type materials) when E, — A
is small. Since both E; and A depend on temperature, if at some tem-
perature F, =2 A, the Auger rate is strongly peaked at that temperature.
Such a situation may arise in GaSb (E; = 0.7eV), where at 77K very
large Auger coefficients (~1072° cm®sec™!) have been measured [8]. The

3 as a function of

calculated Auger lifetime at a carrier density of 10'® cm™
temperature for the three Auger processes for InGaAsP which emits near
1.3um is shown in Figure 3.3.3. The Auger lifetime decreases, i.e. the
Auger recombination rate increases with increasing temperature.

In the absence of momentum conservation, there is no threshold en-
ergy Er [8, 16-24]. Thus the strong temperature dependence does not
appear if the individual particle states are not states of definite momen-
tum, for example, if they are trap states, or if momentum conservation is
satisfied through phonon assistance. The energy vs. wave vector diagram
of phonons illustrate that they can carry considerable amount of momen-
tum for a very small energy. Examples of various types phonon-assisted
processes are shown in Figure 3.3.4.

The CCCH process involves two electrons, a heavy hole and a phonon.
The CHHS process involves one electron, two heavy holes, a split-off band
hole and a phonon. The CHHL process is similar to the CHHS process
except that it involves a light hole. The CHHS and CHHL mechanisms are
dominant in p-type material. Under the high injection conditions present
in lasers, all these mechanisms must be considered. Since the phonons
can participate in momentum conservation, the four particle states in the
conduction and valence band alone does not need to conserve momentum.
This means a minimum kinetic energy for the process to occur is no longer
needed here. This implies for the CCCHP process the electron states 1
and 2 does not need to have a minimum energy. Hence all electrons can
participate in phonon assisted Auger recombination.

Thus the phonon-assisted Auger recombination processes have a larger
rate than band-to-band processes at low temperatures and they do not
exhibit strong temperature and band gap dependence.
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Figure 3.3.3 The calculated Auger lifetime at a carrier density of 101 cm=3 as a
function of temperature for the three Auger processes for InGaAsP which emits near
1.3pum [8].

Figure 3.3.5 shows the Auger recombination process involving a donor
trap. Since the trap state is not a state of definite momentum, the Auger
recombination rate in this case is not a strong function of temperature or
band gap. The rate varies linearly with the concentration of the trap. The
Auger rate R, in n-type semiconductors with a carrier concentration ng
varies as [8, 10]

R, = Cniép (3.3.5)
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Figure 3.3.4 Phonon-assisted Auger recombination processes in a direct gap semicon-
ductor [8].

Figure 3.3.5 Auger recombination process using a donor trap [8].
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where dp < ng is the injected minority carrier (hole) density and C' is the
Auger coefficient. Thus the minority carrier lifetime is given by

R, 1

The calculated 74 for n-InGaAsP with a carrier concentration 108 cm—3
is shown in Figure 3.3.6. The phonon-assisted process dominates at

high bandgap, and the band-to-band processes dominate for low bandgap
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Figure 3.3.6 The calculated Auger lifetime for n-InGaAsP with a carrier concentration
of 108 cm—3 [8].
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semiconductors. The active region of an InGaAsP laser is nominally un-
doped. Under high injection the Auger rate R, varies approximately as

R, =Cn? (3.3.7)

where n is the injected carrier density. Calculations of the Auger coefficient
using the Kane band model [1] yield a value of 10728 cm6 /s for A ~ 1.3 pm
InGaAsP. A value of ~2.5 x 1072 e¢m5/s for A ~ 1.3 um InGaAsP using
a different model for the band structure has been calculated [15]. The
experimental values of the Auger coefficient for this material are in the
range 2 x 10729-7 x 1072 cm®/s [4]. For GaAs, C' ~ 10~3'cm®/s. From
Eqgs. (3.2.16) and (3.3.7), the current lost to Auger recombination at thresh-
old is given by

Ja = edCn?. (3.3.8)

The effect of Auger recombination on the threshold current of GaAs ampli-
fiers is small compared to that for InGaAsP amplifiers because the Auger
coefficient in GaAs is smaller by two orders of magnitude. Since the carrier
density needed for a certain optical gain increases with increasing temper-
ature, the carrier loss to the nonradiative Auger process increases with in-
creasing temperature, which results in a more rapid increase of the current
with increasing temperature for long-wavelength InGaAsP amplifiers com-
pared to that for GaAs amplifiers. In addition, Auger recombination pro-
duces hot carriers and when they relax they lose their energy to the lattice
raising the lattice temperature and equilibrium carrier temperature. This
increase in temperature results in a reduction in gain for the same carrier
density. Carrier temperatures as high as 400 K has been reported for 300 K
lattice temperature for 1nGaAsP /InP double heterostructure under high
injection [25, 26]. High carrier temperature increases carrier leakage over
the heterobarrier. This is discussed in a detail in a later section. Thus all of
these processes can result in a sublinearity of gain vs. carrier density curve.

It is useful to make a comparison with lasers now. The measured
variation of threshold current density as a function of temperature for
InGaAsP lasers can be expressed by the relation Ji, = Joexp(T/Ty) with
Ty = 50-70K in the temperature range 300-350 K.

Auger recombination plays a significant role in determining the smaller
Tp values of InGaAsP (A ~ 1.3 wm and 1.55um) lasers compared to shorter
wavelength (A ~ 0.85 pm) GaAs lasers [4]. Auger recombination also in-
creases the current needed for a certain optical gain in InGaAsP amplifiers.



Recombination Mechanisms and Gain 53

3.3.2 Surface recombination

In an amplifier, the facets are surfaces exposed to the ambient. In addition,
in many index-guided amplifier structures, the edges of the active region can
be in contact with curved surfaces, which may not be a perfect lattice. A
surface, in general, is a strong perturbation of the lattice, creating many
dangling bonds that can absorb impurities from the ambient. Hence a high
concentration of defects can occur that can act as nonradiative recombination
centers. Such localized nonradiative centers, in addition to increasing the
threshold current, can cause other performance problems (e.g. low opera-
ting lifetime) for amplifiers.

The recombination rate of carriers at the surface is expressed in terms
of a surface recombination velocity S. If A is the surface area and n the
carrier density, then the increase in threshold current, A, due to surface
recombination is given by

Al = enSA (3.3.9)

where e is the electron charge. The surface recombination velocity for InP
surface exposed to air is about two orders of magnitude smaller than that
for GaAs.

3.3.3 Recombination at defects

Defects in the active region of an amplifier can be formed in several ways. In
many cases, they are grown during the epitaxial growth process. They can
also be generated, multiplied, or propagated during a stress aging test [27].
Defects can propagate along a specific crystal axis in a strained lattice. The
well-known dark line defect (DLD; dark region of linear aspect) is generally
believed to be responsible for the high degradation rate (short life span) of
early A1GaAs lasers.

Defects in general produce a continuum of states in a localized region.
Electrons or holes that are within a diffusion length from the edge of the
defect may recombine nonradiatively via the continuum of states. The rate
of recombination at a defect or trap is usually written as

R=6-v-N; (3.3.10)

where § is the capture cross section of the trap, N; is the density of
traps, and v is the velocity of the electrons or holes. A trap can preferen-
tially capture electrons or holes. The study of recombination at defects in
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semiconductors is a vast subject. A detailed discussion of which is beyond
the scope of this chapter.

3.3.4 Carrier leakage over the heterobarrier

The carrier leakage over the heterobarrier is not a nonradiative recombina-
tion mechanism. But it can result in a significant loss of carriers (and hence
current) at high temperatures or for low hetereojunction barrier heights
[28-35]. Heterojunction carrier leakage is caused by diffusion and drift of
electrons and holes from the edges of the active region to the cladding lay-
ers. It is schematically shown in Figure 3.3.7(a). The heterojunction leak-
age in both AlGaAs/GaAs and InGaAsP/InP double heterostructure has
been studied. In thermal equilibrium, at the boundary between the active
and cladding layers, a certain number of electrons and holes are present.

n-InP & InGaAsP p-InP
- Conduction
O 0000 O Band
[ AR A A A X | Valence
. Band
(@) h
l p-InP  Conduction
InGaAsP * £ Band
AE¢ | 1
S —— SO
T Electron quasi-Fermi level

' Valence
AEy T T Band

(b)

Figure 3.3.7 Schematic representation of the conduction and valence band in the semi-
conductor heterostructure. The various energy band offsets are shown in (b) [4].
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Figure 3.3.7(b) shows an energy-level diagram for the heterojunction of
active and cladding layers; the electron and hole quasi-Fermi levels Ey.
and Ey, are assumed to be continuous at the boundary [35]. The number
of electrons ny;, at the boundary of the p-cladding layer is given by

2 o0 el/2de
ny = Nccﬂ_l/Q / 1 T exp(e — €fc) (3311)

where N.. = 2 (Q’W,’Z—ng)?’/2 and . = AE./kT and m, is the conduction-
band mass of the p-cladding layer. Note that n; is the number of electrons
with energy greater than the conduction-band barrier height AFE.. Using
the Boltzmann approximation, Eq. (3.3.11) may be simplified to yield

2 00 1/2 . Eq
cﬁl/z/ e /7de exp(—€ + £fc) = Necexp <—k—T . (33.12)

€

anNc

The quantity £y = AE. — Ey. is shown in Figure 3.3.7. In deriving
the above, we have used the relation ¢, = Ey./kT. We now show that E4
is related to the band-gap-difference AE, between the active and cladding
layers. From Figure 3.3.7 we note that

E,=AFE. - Ef. =AE;, — AE, — Ey.. (3.3.13)
Further, AFE, is given by
AFE, = E}v + Ey, (3.3.14)

where E}v and EYy, are the hole quasi-Fermi levels in the p-cladding layer
and active layer respectively. From Egs. (3.3.11) to (3.3.14) it follows that

ny = % exp <— AF fg i Ef“) (3.3.15)
where
£,
P = N,.exp <_k‘—T) , (3.3.16)
and
Ny =2 <27Z;T)3/2 (i +mif?) (3.3.17)

is the valence-band density of states for the p-cladding layer. P is the ma-
jority (hole) carrier density. The quantities E¢. and Ey, can be calculated
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from the known carrier density in the active region. Note that m., mpp,
and my, are the effective masses for the p-cladding layer. An equation
similar to (3.3.15) can be derived for the density of holes (p;) at the bound-
ary between the n-cladding layer and the active layer. Equation (3.3.15)
shows that n; increases rapidly with increasing temperature and suggests
that the carrier leakage can be a major carrier-loss mechanism at high tem-
peratures, especially for low heterojunction-barrier heights. The electron
leakage current density j, at the p-cladding layer is given by [35]

d
o= —eDp 5"t enpin B (3.3.18)
dr

where the first term represents diffusive leakage and the second term repre-
sents drift leakage in the presence of an electric field E. D, is the electron
diffusivity, u, is the minority carrier mobility, e is the charge of the elec-
tron, and n(z) is the density of electrons at a distance « from the boundary
between the active region and the p-cladding layer. The current j, also
satisfies the continuity equation

1dj, n

o dr + E =0 (3.3.19)
where 7, is the minority carrier lifetime. Equation (3.3.19) can be solved
using the boundary condition n(x = 0) = np and n(z = h) = 0. The second
condition assumes that the minority carrier density at the contact, which is
at a distance h from the boundary, is 0. The result for the electron leakage
current at x =0 is

(Z — Zv) exp(Zah) + (Z3 — Z) exp(Z1h)

Jn = Tt exp(Zah) — exp(Z1h) ( )
where
Z = eE/kT, (3.3.21)
1 11 ,\Y?
To1=-Z 4+ —+>22 .3.22
21 =5 (L% + 1 ) ) (3.3.22)
L = (Dura)"?. (3.3.23)

L, is the electron diffusion length. In the above, the relation D,, = u,kT/e
has been used. In the limit F = 0, Eq. (3.3.20) reduces to the case of pure
diffusive leakage, and for L, > h, it reduces to i,, = enyu, F, which holds
if only drift leakage is present.
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A similar equation can be derived for the hole leakage current j, in
the n-cladding layer. However, since the diffusion length and mobility of
electrons are large compared to those of holes, the electron leakage is con-
siderably larger than the hole leakage. The total leakage is given by the sum

JL = jn + Jp- (3.3.24)

Figure 3.3.8 shows the calculated leakage current (Jy) for the diffusive
heterojunction leakage in an InGaAsP-InP double heterostructure [4]. At
higher temperatures, the leakage current is considerably higher. The leak-
age current increases rapidly when the barrier height decreases.
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Figure 3.3.8 Calculated carrier leakage current density for a InGaAsP-InP heterojunc-
tion as a function of the band gap of the InGaAsP material. The leakage current in-
creases with increasing temperature and with lower energy band gap difference between
the active region and cladding layers [4].
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3.4 Quantum Well Amplifiers

A regular double heterostructure amplifier consists of an active layer sand-
wiched between higher-gap cladding layers. The active layer thickness is
typically 0.1-0.5um. Double heterostructure lasers and amplifiers have
been fabricated with an active layer thickness ~100 A or less. The carrier
(electron or hole) motion normal to the active layer in these structures is
restricted. This may be viewed as carrier confinement in a one-dimensional
potential well, and hence these lasers are called quantum well lasers and
amplifiers [36-44].

3.4.1 FEnergy levels

When the thickness L. of a narrow-gap semiconductor layer confined be-
tween two wide-gap semiconductors becomes comparable to the de Broglie
wavelength (A ~ h/p ~ L), quantum-mechanical effects are expected to
occur.

The energy levels of the carriers confined in the narrow-gap semicon-
ductor can be determined by separating the Hamiltonian into a component
normal to the layer (z component) and into the usual (unconfined) Bloch
function components (z,y) in the plane of the layer. The resulting energy
eigenvalues are

2

2m

E(n, ks, ky) = B, + (k3 +k2) (3.4.1)

n
where F,, is the n-th confined-particle energy level for carrier motion normal
to the well. m} is the effective mass of the nth level, & is Planck’s constant
divided by 27, and k., k, are the usual Bloch function wave-vectors in
the x and y directions. Figure 3.4.1 shows schematically the energy levels
E,, of the electrons and holes confined in a quantum well. The confined
particle energy levels F,, are denoted by Ei., Fac, Es. for electrons; Eipp,
Espp, for heavy holes; and Eqyp, Eop, for light holes. The calculation of
these quantities is a standard problem in quantum mechanics for a given
potential barrier (AE,, AE,). For an infinite potential well, the following
simple result is obtained:

(3.4.2)
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Figure 3.4.1 Energy levels in a quantum well structure [38].

Since the separation between the lowest conduction band level and the

highest valence band level is given by

4 g © ) 9812 \me.  my,
It follows that in a quantum well structure the energy of the emitted pho-
tons can be varied simply by varying the well width L,. This has been
observed experimentally for InGaAs active region sandwiched between InP
layers [42].

The discrete energy levels results in a modification of the density of
states in a quantum well to a “two dimensional-like” density of states.
This modification of the density of states results in several improvements
in laser characteristics such as lower threshold current, higher efficiency,
higher modulation bandwidth and lower CW and dynamic spectral width.
Many of these improvements were first predicted theoretically and then
demonstrated experimentally [40—44]. Various types of quantum well laser
and also amplifier active region designs have been reported. The conduction
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Figure 3.4.2 Various types of quantum well amplifier active region design.

and valence band diagram of these designs along with their names are shown
in Figure 3.4.2.

Since one of the advantages of QW amplifiers is high saturation power
which arises in part due to low confinement factor, we now discuss the mode
confinement factor of single and multi quantum well amplifiers. For a SQW
amplifier of active layer thickness d, the confinement factor is

I = 272(n2 — n2)d?/)\2 (3.4.2)

where n,, n. are indices of the cladding and active region, Ag is the free
space wavelength and d is the thickness of the single quantum well.

For a MQW active region, the confinement factor can be calculated
by solving the wave equation in a multi-layer waveguide consisting of the
active, the barrier and the cladding layers. The procedure is quite compli-
cated due to the large number of layers involved. The following formula
gives reasonably accurate results

Noyd,

FMOW) =y,

(3.4.3)
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with

=2 2
n° —n:

’y — 27T2(Nada + Nbdb)T,
0

(3.4.4)

_ Nadang + Npdpny
n = 3.4.5
Nydg + Npdy ( )

where N,, N, are the number of active and barrier layers in the MQW
structure and d,, dp are the thickness of the active and barrier layers, n,,
np, ne are the refractive indices of the active, barrier, and cladding layer
respectively. The quantity 7 can be interpreted as the effective index of the
MQW region (consisting of all the active layers and barrier layers) and ~ is
the confinement factor in this layer of index fn. The confinement factor T’
of the active region is obtained by multiplying v by the ratio of the active
region thickness to the total thickness of the MQW region.

3.4.2 Optical gain and Auger recombination

In a quantum well structure the kinetic energy of the electrons and holes
for motion normal to the well (z-direction) is quantized into discrete energy
levels. Each of these discrete levels form a set of two-dimensional subbands.
This modifies the density of states from the regular three dimensional case.
Using the principle of box quantization for kinetic energies in the z and y
direction, the number of electrons per unit area in the z — y plane for the
i-th subband within an energy interval dF is given by

—

D.(E)dE—2dQ—k (3.4.6)
' T (2n)2 o
where the factor 2 arises from two spin states and k= (kz, ky) is the
momentum vector. Using the parabolic approximation, namely E = gfn—kQ
and the relation d2k = 2rkdk,
M

where m¢; is the effective mass of the electron in the i-th subband of the
conduction band. Thus the density of states per unit volume g.; is given by
& o My

L, wh2L,

Gei = (348)

A similar equation holds for the valence band. The density of states for
regular three dimensional case can be similarly obtained. It is given by
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pe(F) where

2m. 3/2 1/2
pe(E) = 47r< 2 > E= (3.4.9)

The main difference between the optical gain of a quantum well struc-
ture and regular double heterostructure structures arises from the differ-
ence between the density of states in the two cases. For a QW structure the
density of states in a subband does not depend on energy of the electron
and that for a regular double heterostructure (thick active region) it varies
with energy E of the electron as E'/2. This is sketched in Figure 3.4.3.
This modification in the density of states can significantly alter the re-
combination rates in a QW structure compared to that for regular double
heterostructure (DH) with thick active regions.

The expression for optical absorption or gain is given in Eq. (3.2.9). For
gain, the simplistic view is that the number of electrons in the conduction
band at a certain energy must be sufficiently high. The number of elec-
trons at a given energy is the product of the density of states and Fermi
factor. The latter represents the occupancy probability of an electron of a
certain energy. The Fermi factor at room temperature approximately has
the dependence on energy E of the electron as exp(—E/kT). The density
of states for both QW and regular DH, the Fermi factors and the product
of the two are sketched in Figure 3.4.4.

For a regular DH, the density of states is small for energies where the
Fermi factor is large whereas for QW the density of states is large where
the Fermi factor is large. This results in high gain at the bottom of the
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Figure 3.4.3 (a) Schematic representation of two-dimensional parabolic subbands.

(b) The density of states in QW (solid line) and that for thick double heterostructures
(dashed line).
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Figure 3.4.4 The density of states, the electron distribution (product of density of states
and Fermi Factor), and gain spectrum are plotted for both QW (solid lines) and regular
DH (dashed lines) structure.

band for a QW whereas for a DH the conduction band must be filled with
electrons up to a certain energy level for sufficient optical gain.

The QW structure as a result has high gain at low currents compared
to a regular DH.

In the simplified gain model just discussed (Figure 3.4.5), the spectral
broadening effects and effects resulting from the anisotropy of quantum
well have been ignored. The gain spectrum and the spontaneous emission
spectrum exhibit unrealistic sharp edges as a result of the step-like density
of states of a quantum well.

The spectral broadening results mostly from intraband carrier relaxation
due to scattering [45, 46]. These include carrier-carrier, carrier-phonon
and carrier-impurity scattering. The energy broadening due to intraband
scattering 0 F is much larger than that due to radiative transitions. This is
due to vastly different lifetimes. The radiative recombination lifetime 7, ~
1-2 ns and the intraband scattering time is 73, ~ 0.1 to 1 ps. The quantity
0F is related to the lifetime by the uncertainty principle

§E = h/Tin. (3.4.10)
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Figure 3.4.5 The calculated maximum gain as a function of injected carrier density and
nominal current density at two temperatures for a 1.3 um InGaAsP/InP quantum well
structure.

Without broadening, the number of electrons per unit energy and per unit
volume (n(E)) with energies between E and F + dFE is

n(E) = p(E)f.(E) (3.4.11)

where p(F) is the density of states and f.(E) is the Fermi factor. With
broadening the above equation changes to

n(E) = p(E) f.(E)L(E — B1), (3.4.12)

where
OF 1

HE= ) = o B B+ 02

(3.4.13)

is the normalized Lorentzian function which is valid for §F <« FE and
OF = h/’Tin.

For the broad energy distribution of carriers, the unbroadened gain func-
tion (g, (E)) and the spontaneous emission function (R, (E)) is integrated
with the Lorentzian broadening factor to obtain the gain spectrum and the
spontaneous emission spectrum:

g(E) = /oo gu(E)L(E — E'")dE', (3.4.14)
Ryp(E) = / b RypoL(E — E')dE'. (3.4.15)

The planar symmetry of the electronic wave function in a QW struc-
ture results in a polarization dependence of the optical transitions. A
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modification of the transition matrix elements takes place resulting in a
difference for the dipole transition matrix elements for the e-lh (electron-
light hole) and e-hh (electron-heavy hole) transitions. The e-lh transition
is shifted to higher energy from that of the e-hh transition due to the lower
effective mass of the light holes. Light polarized in the plane of the QW
(TE mode in a waveguide) experiences higher gain than that for the light
polarized perpendicular to the plane of the well (TM mode).

A TE mode gain spectrum calculated using the more complete model
is compared with the spectrum calculated using the simple model in
Figure 3.4.6 under the same injection. The peak of the gain spectrum is
reduced by broadening. However, the enhancement of the TE mode transi-
tion matrix element compensates for the decrease in gain due to broadening.
The maximum TE gain as a function of injected carrier density is plotted
in Figure 3.4.7 for the simplified model and for the more accurate model.

Similar calculations have been reported for the InGaAsP material sys-
tem. The radiative recombination rate in a QW structure taking into ac-
count transition between all subbands (in the I' valley) as well as the filling
of the L valleys has been calculated [47]. Figure 3.4.8 shows the depen-
dence of gain on well thickness for different injected carrier densities. The
modulation in the maximum gain is due to the recombination of electrons
in the various subbands in the conduction band and heavy and light holes
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Figure 3.4.6 Quantum well gain spectrum at N = 3.04 x 10'® cm~3 injected carrier
density. The intraband scattering time is 0.1 ps. The material is GaAs QW between
AlGaAs barrier layers [46].
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Figure 3.4.7 The calculated maximum gain as a function of injected carrier density for
the simplified model and the accurate model for the n = 1 quantum well transition,
i.e. transition from the lowest conduction band level. The intraband scattering time is
0.1 ps. The material is GaAs QW between AlGaAs barrier layers [46].

in the valence band. The steep decrease in gain for small well thickness is
due to the distribution of carriers in the L valley which reduces the number
of carriers in the I' valley.

Nonradiative Auger recombination of an electron hole pair, as the name
implies, is characterized by the absence of an emitted photon in the recom-
bination process. As in the case of bulk semiconductors, there are several
types of Auger recombination processes. The three major types are band-
to-band Auger process, phonon-assisted Auger process, and trap-assisted
Auger processes. The band-to-band Auger processes in direct gap quantum
well semiconductors are shown in Figure 3.4.9. The three processes are la-
beled CCCH, CHHS, and CHHL, where C stands for the conduction band
and H, L, S stand for heavy-hole, light-hole, and split-off valence band hole,
respectively. The CCCH mechanism involves three electrons and a heavy
hole and is dominant in n-type material. The CHHS process is dominant
in p-type material. Under high injection conditions present in lasers and
amplifiers all three processes must the considered.

Similar to the case for regular double heterostructure (three-dimensional
density of states) the Auger rate in QW structures is also expected to
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Figure 3.4.8 Maximum gain for a undoped InGaAs/InP (A ~ 1.07 pm) quantum well
as a function of well thickness for several carrier densities [47].
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Figure 3.4.9 Band-to-band Auger processes in a quantum well semiconductor.
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increase with increasing temperature and for low band gap materials. How-
ever, the Auger rate itself is different. In the absence of momentum con-
servation, there is no threshold energy (Section 3.3.1). Thus the strong
temperature dependence does not appear if the individual particle states
are not states of definite momentum, for example, if they are trap states,
or if momentum conservation is satisfied through phonon assistance. The
energy vs. wave vector diagram of phonons illustrate that they can carry
considerable amount of momentum for a very small energy.

The Auger recombination rate for quantum well structures have been
calculated [47-50]. The calculated Auger lifetime 74 for a InGaAsP QW
material as a function of well thickness for several injected carrier densities
is shown in Figure 3.4.10. The undulations in the vicinity of well thickness of
~10nm is due to the filling of the higher order subbands with increasing n.
The value of the Auger coefficient, C, can be estimated from Figure 3.4.10

100

ne4.25x10'8cm=3

10 2

LIFETIME (ns)
I

WELL THICKNESS (nm)

Figure 3.4.10 Nonradiative Auger lifetime as as a function of well thickness for several
carrier density values for A ~ 1.07 pm InGaAsP [47].
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using the equation
RA :n/TA. (3.4.16)

For a well thickness of 30nm, n = 2 x 10¥cm™3 (typical values),
C~25x1072cm %s7! from Figure 3.4.9. It should be noted that due
to various uncertainties in the matrix elements and effective masses only
order of magnitude estimates of the Auger rate is feasible. Phonon assisted
Auger recombination rates for quantum well structures has also been inves-
tigated. The Auger processes can be represented by transitions described
previously for regular double heterostructures. As expected, the phonon as-
sisted Auger rates dominate at low temperatures and band-to-band Auger
rates are larger at high temperatures. Trap-assisted Auger processes are
also feasible for QW structures.

3.4.3 Strained quantum well amplifiers

Quantum well amplifiers have also been fabricated using an active layer
whose lattice constant differs slightly from that of the substrate and
cladding layers. Such materials are known as strained quantum wells. Over
the last few years, strained quantum well materials have been extensively
investigated [51-63]. For lasers, they show many desirable properties such
as: (i) a very low threshold current density and (ii) a lower linewidth than
regular quantum well lasers both under CW operation and under modula-
tion. Amplifiers using strained quantum well materials also show high gain
(Figure 3.4.11). The origin of the improved device performance lies in the
band-structure changes induced by the mismatch-induced strain [60-63].
Strain splits the heavy-hole and the light-hole valence bands at the I point
of the Brillouin zone where the band gap is minimum in direct band gap
semiconductors.

Superlattice structures of InGaAs/InGaAsP with tensile and compres-
sive stress have been grown by both MOCVD and CBE growth techniques
over an n-type InP substrate. The broad-area threshold current density for
the compressively strained MQW structure is found to be lower than that
for the lattice-matched MQW structure.

Buried-heterostructure (BH) lasers have been fabricated using compres-
sive and tensile strained MQW lasers. Lasers with compressive strain have
a lower threshold current than that for lasers with tensile strain. This can
be explained by splitting of the light hole and heavy hole bands under stress
[60-63]. Detailed discussion on quantum well band structure under stress
can be found in Ref. [64].
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Figure 3.4.11 Optical gain calculated as a function of injected carrier density (top) and
radiative current density (bottom) for strained and unstrained quantum well laser [61].

3.5 Gain in Quantum Wire (QWR) and Quantum
Dot (QD) Structures

The electron motion is restricted further in quantum wire and quantum
dot structures compared to that for a quantum well [65-69]. For QWR
structures the electron motion is restricted in two directions and in QD



Recombination Mechanisms and Gain 71

structures the electron motion is restricted in all directions. Using the
similar procedure the density of states of QWR and QD structures are
given by [65]

1/2
1 /2m
pawr =) D o (ﬁ) nQWr(E — Enm)'?  (3.5.1)

PQD = Z Z ZanD(S(E - En,m,l) (352)
n m 1

where nqwr (cm™!) and nqp(cm™2) are the density of quantum wires and
quantum dot respectively and the summation is over the discrete energy
levels. The density of states for regular bulk materials, QW, QWR and QD
material are sketched in Figure 3.5.1. For QWR the density of states has
sharp maximum at the position of the each of the discrete energy states
and for QD the density of states is large at only the discrete energy states.
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Figure 3.5.1 Schematic description of the density of states for regular bulk semicon-
ductor, quantum well (QW), quantum wire (QWR) and quantum dot (QD) structures.
The dimensionalities of each of these types are: Bulk (3D), QW (2D), QWR (1D) and
QD (0D) [65].
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As discussed previously for QW structures, the density of states for
QWR and QD structures are not sharp in practice, they get broadened
by the interband carrier relaxation time for QWR structures and for dis-
tribution of dot sizes and interaction with surrounding material for QD
structures. The broadening for QWR structures is given by a term similar
to Eq. (3.4.13), i.e.

h 1

L(E—- En,mAl =
( ) ) 2T Tin (E . En,m,l)Q + (2‘?“)2

(3.5.2)

where 7, the intraband relaxation time. The gain spectrum for QWR
structures have been calculated. The calculated gain spectrum is shown
in Figure 3.5.2. The dimensions of the wire is 12nm x 20nm. In the
QWR structure the discrete energy levels are labeled by (n,m) where the
integers n, m correspond to discrete energy levels corresponding to energy
quantization in the two orthogonal direction. The lowest energy state is
labeled (0,0); (0,1) and (1,0) for the next two levels and so on. The quantity
Tin, the intraband relaxation time, is assumed to be 0.1 ps. Size fluctuations
in QWR structure (i.e. fluctuation in QWR cross section) can significantly
reduce the peak gain. In addition anisotropy of the dipole moment may
play a role in the QWR observed gain. Gain anisotropy of ~2 has been
predicted for QWR of equal width and height, i.e. gain for light polarized
along the wire is larger by a factor of ~2 [70].

QD’s fabricated by self assembly (described in Chapter 4) generally
show a fluctuation in size which results in an energy distribution of the
discrete energy states in an array of QD’s. This, in effect, results in a
broadening of the density of states in an array of QD’s. The QD’s are
formed from a wetting layer by the self assembly process and the entire
assembly is immersed in a cladding layer matrix. Additional broadening of
the discrete energy states takes place due to its interaction with the states
in the wetting layer and in the surrounding matrix.

The density of states in a QD array is characterized by a set of sub-
bands that result from the inhomogeneously broadened quantum levels of
the ground and excited states of each QD. These subbands can overlap
depending on the size distribution of the dots. The density of states of a
self-assembled QD array is schematically shown in Figure 3.5.3. Both the
ground state and the first subbands are broadened and at high energy they
merge with the bands in the wetting layer.

For an ideal QD array, the energy width of the density of states is given
by homogeneous broadening (A) which is ~0.1 meV. This homogeneous
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Figure 3.5.2 Calculated gain spectrum at 77K for InGaAsP/InGaAs quantum wires
for various values of carrier density n. For comparison, the calculated gain spectrum of a
InGaAsP/InGaAs quantum well is also shown. The same value of intraband relaxation
time (0.1 ps) is used in both calculations [65, 71].



74 Semiconductor Optical Amplifiers

First excited
(3D subband

Ground
QD subband

Density of states

Energy (arb. units)

Figure 3.5.3 Density of states of a self assembled QD array. The dashed lines represent
the states of the ground and excited subbands, the wetting layer and the matrix [72].

broadening is due to the interaction of the dot with the surrounding mate-
rial. The saturated gain (G;) of a QD array is proportional to

Gs ~ gnqgp/A (3.5.3)

where nqp is the density of QD’s and g is the degeneracy of the level. The
current density needed for zero net gain (transparency) is proportional to
nqgp. Thus for high saturated gain, the current density needed for trans-
parency is also high. In addition to the ground state level one or more
excited state levels can be thermally populated. Since the excited states
have a higher degeneracy, the saturated gain of the excited states is higher,
i.e. with increasing current the gain of the QD array would increase and its
spectrum will shift to higher energies. A schematic representation of the
gain for ideal and self-assembled QD array is shown in Figure 3.5.4. For
self-assembled array (non-ideal), the broadening factor (A) is higher and
hence the transparency current density is higher and the saturated gain is
lower.

The experimental results for InGaAs QD array in a AlGaAs matrix is
shown in Figure 3.5.5. The ground state lasing is observed at low current
density when the lasers had low optical loss and excited state lasing is
observed at high current densities when the lasers have high optical loss.
The optical loss for a laser can be varied using facet coating.
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The dependence of optical gain on modal G can be empirically fitted
[73] to the following expression:

G = Gs{1 —exp(—y(J/ Jer — 1)}
which simplifies for low current density to
G =~Gs(J/Jr — 1) (3.5.4)

where Gg, Ji, J are the saturated gain, the transparency current den-
sity, and the injected current density, respectively. The quantity v is a
parameter. The values of Gy, Ji;, v for the data shown in Figure 3.5.5 are
8.2cm™!, 50 A /cm? and 0.9 respectively for the ground state and 25.8 cm ™!,
145 A /em? and 0.8 respectively for the first excited state.

Theory of the signal amplification in a QD SOA has been developed
[74-76]. The carriers are injected into the wetting layers from which it makes
a fast transfer to the quantum dot. QD SOA has a fast gain and phase
recovery which makes them suitable for high speed system applications.
The primary reason for the faster response of QD semiconductor optical
amplifier (SOA) compared to that for SOA with regular active region is
due to the presence of the wetting layer. The wetting layer serves as a
carrier reservoir layer. Carriers depleted by the injected optical pulse in
the QD ground state are replaced by fast carrier transfer from the wetting
layer.
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Chapter 4

Epitaxial Growth and
Amplifier Designs

4.1 Introduction

The lattice matched crystalline growth of one semiconductor over another is
called epitaxy. The development of epitaxial growth techniques has been of
major significance for the development of semiconductor photonic devices
such as lasers, amplifiers, and photodetectors. The commonly used tech-
niques for epitaxial growth are liquid phase epitaxy (LPE) [1], vapor-phase
epitaxy (VPE) [2], molecular beam epitaxy (MBE) [3], and metal organic
chemical vapor deposition (MOCVD) [4].

In LPE technique, the epitaxial layer is grown by cooling a saturated
solution of the composition of the layer to be grown while that solution
is in contact with a substrate. In VPE technique, the epitaxial layer is
grown by the reaction of gaseous elements or compounds at the surface of a
heated substrate. The VPE technique has also been called chemical vapor
deposition (CVD) depending on the constituents of the reactants. A variant
of the technique is metal-organic chemical vapor deposition (MOCVD) [4],
which has been very successful for lasers in which metal alkyls are used as
the compound source. In MBE, the epitaxial layer growth is achieved by the
reaction of atomic or molecular beams of the constituent elements (of the
layer to be grown) with a crystalline substrate held at high temperature in
ultrahigh vacuum.

In this chapter, the epitaxial growth techniques used for the fabrication
of amplifiers is described. Transverse optical confinement of the guided light
is also important for high performance amplifiers. Various current confine-
ment and optical confinement schemes as it relates to semiconductor optical
amplifier design are discussed. For further details please also see Ref. [5-7].
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4.2 Material Systems

Extensive work on optical amplifiers were carried out in the 1980s using
the AlGaAs material system. These amplifiers had GaAs active region
surrounded by p-Al;_,.Ga,As and n-Al;_,Ga,As cladding layers. Much of
the recent experimental work on semiconductor optical amplifiers have been
carried out using the In;_,Ga,;As,Pi_, material system with the optical
gain centered around 1.3 pm or 1.55 um. The 1.3 uwm and 1.55 pm wave-
length region are of interest for fiber optic communication. The discussion
in this chapter is for the InGaAsP material system. Liquid phase epitaxy
growth of AlGaAs/GaAs and InGaAsP /InP heterostructures were studied
by several researchers in the 1960’s and 1970’s [8-30]. Much of this work
enabled the determination of material parameters.

The InGaAsP material can be grown lattice matched to InP for a range
of compositions. The composition of the quaternary solid is determined
by X-ray analysis. Figure 4.2.1 shows the measured composition (open
circles) of the quaternary solid lattice matched to InP. The solid line is the
calculated result using Vegard’s law according to which the lattice constant
a(z,y) of Iny_,Ga,AsyP1_, is given by

a(z,y) = zy a(GaAs) + z(1 — y)a(GaP) + (1 — z)y a(InAs)

+ (1 —2)(1 —y)a(InP) (4.2.1)
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Figure 4.2.1 Relationship between the mole fractions x and y of the quaternary material
In;_;GagzAsyP1_y that is lattice matched to InP. The circles are experimental data and
the line illustrates Vegard’s law [29].
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where a(GaAs), a(GaP), a(InAs), a(InP) are the lattice constants of the
binary semiconductors GaAs, GaP, InAs, InP, respectively. Using a(z,y) =
a(InP), Eq. (4.2.1) gives the following relationship between x and y for
In;_,GazAs,P;_, compositions lattice matched to InP.

x = 0.4526y/(1 — 0.031y) (4.2.2)
or x ~ 0.45y

The direct band gap of In;_,Ga,As,Pi_, grown lattice matched over
InP has been measured using photoluminescence. In this technique, elec-
trons and holes are created by photoexcitation in the conduction and
valence bands, respectively, and when they recombine, light at energy corre-
sponding to the band gap is emitted. Figure 4.2.2 shows the measured band
gap as a function of arsenic mole fraction y. From the data the band gap
(at 300K) of In; _,Ga,As,P1_, lattice matched to InP can be represented
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Figure 4.2.2 Band gap of In;_;GazAsyP1_4 lattice matched to InP obtained from
photoluminescence measurements. The solid line is a fit to the data points (solid cir-
cles) [30].
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by the following expression [30]:
E, (ineV) = 1.35 — 0.72y + 0.12y>. (4.2.3)

A knowledge of the refractive index as a function of composition of
Iny_,Ga,AsyPq_, is important for understanding the waveguiding proper-
ties of InGaAsP/InP semiconductor heterostructures. The following ana-
lytic form is often used for the refractive index (n(y)) of In;_,Ga, As,P1_,
lattice matched to InP (for which x ~ 0.45y) at wavelength corresponding
to the band gap

n(y) = 3.4+ 0.256y — 0.095y>. (4.2.4)

Measurements of refractive index of In;_,Ga,As,P1_, lattice matched
to InP has also been carried out. The results (shown in Figure 4.2.3)
show the refractive index for all compositions decreases with increasing
wavelength.
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Figure 4.2.3 Refractive index of Ini_,GazAsyP1_y as a function of wavelength for
several As fractions (y). Different symbols are for measurement on different samples [31].
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4.3 Epitaxial Growth Methods

This section describes briefly the various epitaxial growth techniques used
to fabricate InGaAsP material. The most commonly used technique for
growing a variety of semiconductors today is the metal-organic chemical
vapor deposition (MOCVD) growth technique.

4.3.1 Liquid phase epitary

The liquid phase epitaxy (LPE) technique has been successfully used to fab-
ricate lasers, amplifiers, photodetectors, bipolar transistors, and field-effect
transistors. It was first demonstrated in 1963 [1]. In LPE a supersaturated
solution of the material to be grown is brought into contact with a single
crystalline substrate for a short duration [8-29]. If the material to be grown
has the same lattice constant as the substrate, then some of this material
precipitates on the substrate while maintaining the crystalline structure
across the interface. The deposited material forms a lattice-matched epi-
taxial layer on the substrate.

The LPE apparatus used for growing heterostructures must have the abil-
ity to perform successive growth of several epitaxial layers. A multi-bin ap-
paratus used for growing double heterostructures is shown in Figure 4.3.1. It
consists of a furnace, a graphite “boat,” a slider and several thermopcouples,

FURNACE WALL
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SINGLE LOOP AUXILIARY HEATER
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Figure 4.3.1 Schematic diagram of a multi-bin LPE apparatus used for growing double
heterostructures [32].



86 Semiconductor Optical Amplifiers

etc. The graphite boat has a number of reservoirs each of which contains
a saturated solution of the corresponding epitaxial layer to be grown. The
graphite boat is inside the furnace which is heated to the melting point
(~650°C) of the material to be grown. The substrate (seed) is placed in a
graphite slider that has a groove to hold the substrate. The slider is attached
to a long rod that allows an operator outside of the furnace to position the
substrate under different reservoirs. This allows growth of successive layers
of desired thickness and composition on the substrate. Hydrogen or helium
is generally used as an ambient gas during the growing process.

4.3.2 Vapor phase epitary

In vapor phase epitaxy (VPE) the source chemicals from which the layers
are grown are gaseous. The technique has been used for the growth of
several III-V compound semiconductors [33-41]. Chlorides or hydrides of
the elements are often used as sources for the growth of the semiconductor.
In the chloride method, AsCls or PClj3 is passed over elemental Ga or In
to form chlorides. These metal chlorides then react with AsHs and PHs
near the InP substrate to form epitaxial layers of InGaAsP on InP. The
metal chlorides can also be formed by using GaAs or InP sources instead
of elemental Ga or In.

Figure 4.3.2 shows the schematic of a VPE reactor. The composition of
the layers to be grown is changed by altering the flow rates of the reactants.
P-type doping (Zn doped) is carried out by flowing Hs over hot Zn metal
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Figure 4.3.2 Schematic illustration of a vapor phase epitaxy (VPE) reactor [33].
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which carries Zn into the reaction chamber and n-type doping (S doped) is
done by flowing H,S into the reaction chamber.

4.3.3 Metal-organic chemical vapor deposition

Metal-organic chemical vapor deposition (MOCVD), also known as metal-
organic vapor phase epitaxy (MOVPE) is a variant of the VPE technique
that uses metal alkyls as sources from which epitaxial layers are formed
[42-54]. The low pressure MOCVD technique where the gas pressure is
~0.1latm has been used for the growth of InGaAsP. MOCVD is a very
versatile technique, it has been used to grow a wide variety of II-VI and
III-V compound semiconductors.

Figure 4.3.3 shows the schematic of a low pressure MOCVD system.
The quartz reaction chamber contains the InP substrate placed on a ra-
dio frequency (RF) heated (~600°C) carbon susceptor. Group III alkyls
Ga(C2Hs)s and In(CeHs)s and group V hydrides (AsHs and PHj) are
introduced into the reaction chamber. The gas flows near the substrate is
laminar with velocities in the range of 1-15 cm/s for a pressure of ~0.1 atm.
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Figure 4.3.3 Schematic illustration of a metal-organic chemical vapor deposition
(MOCVD) growth system [50].
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At the hot substrate surface, the metal alkyls and hydrides decompose, pro-
ducing elemental In, Ga, As and P. The elemental species deposit on the
surface forming an epitaxial layer. The gas flow rates are controlled to
produce InGaAsP layers of different compositions. Zn(CoHs)s and HeS
are used as sources for p-type (Zn doped) and n-type (S doped) doping
respectively.

4.3.4 Molecular beam epitaxy

In the molecular beam epitaxy (MBE) technique, epitaxial layers are grown
by impinging atomic or molecular beams on a heated substrate kept in ultra
high vacuum [55-60]. The constituents of the beam “stick” to the substrate
resulting in a lattice matched layer. Since different elements have different
sticking coefficients, the beam intensities are separately controlled to take
into account the differences.

MBE technique was first used to make AlGaAs heterostructures
(Figure 4.3.4). The substrate is attached to a Mo (molebdenum) block
which is RF heated inside a vacuum chamber at a pressure of 10~7 to
10~ 1%¢torr. The electron-diffraction gun, the Auger analyzer, and the mass
spectrometer can be used to study the layer characteristics during growth.
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Figure 4.3.4 Schematic illustration of a molecular beam epitaxy (MBE) growth chamber
used for epitaxial growth of AlGaAs [58].
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The sources Ga, Al, As, etc. are kept in independently heated effusion
cells enclosed in shrouds containing liquid nitrogen. The dopants also have
separate effusion cells. The effusion cells are heated to a temperature high
enough to have adequate beam flux rate of the elements on the substrate.
For the growth of GaAs on AlGaAs, the Ga flux is in the range of 1012
to 101 atoms/(cm?s). The flux needed depends on the sticking coefficient.
For many group III elements, e.g. Al, Ga, the sticking coefficient is near
unity. However, the sticking coefficients differ significantly for group V
elements.

Growth of high quality InGaAsP layer on InP by MBE has been demon-
strated using gas sources for As, and P5 beams. The As,; and P beams are
generated by decomposing AsHs and PHj3 in a heated chamber and then
allowing them to leak out to the MBE growth chamber. The decomposition
chambers are operated at 900-1200°C and are filled to a pressure of ~0.3
to 2 atm.

4.3.5 Chemical beam epitazxy

Chemical beam epitaxy (CBE) is a variant of MBE. In this technique all
sources are gaseous and are derived from group III and group V alkyls.
Schematic illustration of a CBE system is shown in Figure 4.3.5. The
growth chamber is similar to a conventional MBE system.

It is kept at high vacuum (<5 x 10~*torr). In and Ga are obtained by
pyrolysis of either trimethylindium (TMIn) or troethylindium (TEIn) and
trimethylgallium (TMGa) or troethylgallium (TEGa) at the heated surface
of the substrate. The As; and Py beams are obtained by thermal decom-
position of trimethylarsine (TMAs) and triethylphosphine (TEP) passing
through a heated alumina tube at a temperature of 950-1200°C. The metal
alkyls decompose on the heated surface leaving the metal to form epitaxial
layer. The growth rate for MOCVD technique is diffusion limited (pressure
~0.latm) and that of the CBE technique is limited by the flow rate of
metal alkyls (pressure <5 x 10~ torr).

4.4 Strained Layer Epitaxy
Although lattice matching is important for growth of high quality epitaxial

layers, it is possible to make high quality semiconductor heterostructures
with a small degree of lattice mismatch among them [62—68]. This lattice
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Figure 4.3.5 Schematic illustration of a chemical beam epitaxy (CBE) growth chamber.
It is similar to the MBE apparatus [61].

mismatch introduces strain in the material, hence these are called strained
layer heterostructures. The strain alters the band structure in a favorable
way so as to produce higher gain than in the absence of strain. Typical
values of tolerable strain (Aa/a where a is the lattice constant of the sub-
strate and Aa is the difference in lattice constant between the epitaxial
layer and that of the substrate) are less then 1.5%. The larger the amount
of strain, the thinner is the layer that can be grown free of dislocations on
the substrate. Beyond a certain thickness, known as critical thickness, very
large number of dislocations are generated. These dislocations reduce the
luminescence property of the grown material.

InGaAsP layers have been grown on InP with both compressive and
tensile strain. Generally, the grown heterostructures have very thin active
region, they are often called strained quantum well (QW) active region.
The light emission wavelength is in 1.2 um to 1.6 pm range. The strained
QW layers are grown by the MOCVD growth process. For the growth
of In;_,Ga,As layer on InP, the strain in the grown In;_,Ga,As layer is
achieved by simply changing the flow rate of the In source trimethylindium
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Figure 4.4.1 In concentration in In;_;Ga, As epitaxial layer grown over InP as a
function of TMIn flow rate [62].

(TMIn). InGaAs composition of Ing 53 Gag.47As is lattice matched to InP.
Figure 4.4.1 shows the In content (percent) in the solid InGaAs epitaxial
layer grown over InP as a function of TMIn flow rate. The figure shows
that by varying the flow rate of TMIn, InGaAs layers with In fraction less
than 0.53 (tensile strain) and InGaAs layers with In fraction greater than
0.53 (compressive strain) can be grown.

Another well studied material system for strained layer epitaxial growth
is In;_,Ga,As grown over GaAs. This system is used to make lasers emit-
ting near 980 nm and for quantum dot structures.

4.5 Selective Area Growth

The low pressure MOCVD (metal organic chemical vapor deposition) based
selective area growth (SAG) process [69-71] is very important for building
low loss interconnection between active/active and active/passive regions.
Such interconnections are needed for integrated chips consisting of many
optical devices such as lasers, amplifiers, and photodetectors. Many of these
photonic integrated devices are discussed in Chapter 7. The key reason for
using the SAG process is that it produces a smooth transition between
materials of different composition. The SAG process development has been
carried out for the InGaAsP/InP material system.

The fundamental concept in SAG is described as follows. Consider an
InP substrate with prefabricated oxide (SiO2) based masks deposited on
it (Figure 4.5.1). When such a substrate is put inside a MOCVD growth
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Figure 4.5.1 Schematic of a wafer with oxide masks. The shaded regions represent
masks of different widths.

chamber, the growth precursors trimethylindium (TMIn), trimethylgallium
(TMGa), arsenic (As) and phosphorus (P) are incident on the wafer.
However, they do not react to form the compounds on the oxide and
hence must diffuse to the exposed regions for growth. Thus the exposed re-
gions in between the oxide masks have more materials compared to regions
further away from the oxide masks. This results in variation in composition
and thickness of the material deposited near the oxide masks relative to that
far from the masks. By a suitable design of the oxide masks it is then possi-
ble to deposit films of desired thickness, composition and strain selectively
on different parts of the wafer. These films could then be active regions of
different devices (e.g. laser, amplifiers and modulator) or they could form
waveguides for interconnection. For laser-amplifier integrated device, the
active region of the laser and the amplifier are grown in the same epitaxial
growth but with the amplifier region grown between oxide masks so that
the composition of the amplifier active region has lower band gap compared
to that of the laser region. This is important since the amplifier gain shifts
to shorter wavelength with increasing current. In addition, the laser area
can be grown over a grating so that it emits at a specific wavelength deter-
mined by the periodicity of the grating. Similar SAG process is important
for laser-modulator (electroabsorption) integrated device. The advantage of
the SAG process is that both the amplifier and laser active regions are ver-
tically self aligned. A set of SAG based devices and corresponding masks
are shown schematically in Figure 4.5.2. Figure 4.5.2(a) shows a laser-
amplifier integrated device. Figure 4.5.2(d) shows a type of mask needed
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Figure 4.5.2 (a) Laser-Amplifier integrated chip. (b) Expanded beam amplifier for low
coupling losses. (¢) Expanded beam laser-amplifier. (d) Oxide mask for laser-amplifier,
laser active region is fabricated between masks. (e) Oxide mask for expanded beam
amplifier.
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for the fabrication of an integrated laser and amplifier. Figure 4.5.2(b)
shows the case of an expanded beam amplifier for low coupling losses to
fibers. In this case, a waveguide is integrated with the amplifier output and
input so that the mode at the facet is expanded for better coupling to opti-
cal fibers. For this adiabatic spot size conversion (expansion) to take place
the waveguide must change its thickness. Such a vertically tapered waveg-
uide could be formed using a set of oxide masks whose separation varies
with the distance. Figure 4.5.2(e) shows such a mask. The tapering in
the lateral direction could be produced by standard photolithography and
etching techniques. Figure 4.5.2(c) shows the case of an expanded beam
laser-amplifier integrated device with an expanded beam region.

4.5.1 Model of SAG

High performance integrated devices require precise control of composition
and layer thickness. A model of the SAG process would be very useful in
the design of oxide masks needed for selective growth in various parts of the
wafer. Such a model should be able to predict the composition, thickness
and strain of the grown layers for different oxide pattern configurations.

A modeling of the selective area growth process by solving the diffusion
equation in conjunction with the reaction rate equation for various reacting
species (TMIn, TMGa, As, P) has been developed [70, 71]. An iterative
procedure using both analysis and experimental results is employed to de-
termine the optimum conditions for materials growth that are applicable
to various devices. The modeling is important for the design of masks for
specific device fabrication. Figure 4.5.3 shows an example of the modeling
results.

4.5.2 Materials growth using SAG

Semiconductor layer growth using the SAG process in a MOCVD reac-
tor has been carried out for various types of integrated device fabrication.
The various integrated devices are discussed in Chapter 7. For growth
studies, a series of MQW layers is grown over InP substrates with differ-
ent SiO2 mask patterns. The electroluminescence (EL) wavelength of the
material grown between the masks is measured. Figure 4.5.4 shows the
measured electroluminescence peak wavelength as a function of the width
of the dielectric SiO2 mask. By simply varying the width, the electrolu-
minescence wavelength can be changed considerably. For the data shown
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Figure 4.5.3 Calculated variation in thickness of the grown layer as a function of dis-
tance from the pattern. The lower figure shows the geometry used in the calculation.
The location refers to position along the line A. A location of ~400 pm corresponds to
the place where the masks end. The oxide masks are separated by 10 pm and have width
of 10 pm.

in Figure 4.5.4, the epitaxial growth was carried out at 650°C and at a
reactor pressure of 80 mbar. TMIn, TMGa, AsHs and PHs were used as
precursors.

Although the SAG process was initially developed for laser-
electroabsorption modulator device fabrication, it is very important for
amplifiers with low coupling loss or in general for other amplifier based de-
vices such as Mach-Zehnder modulators that also need to have low coupling
losses. A major importance of SAG process for SOA based devices is for
the fabrication of mode matched beam modifiers.
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Figure 4.5.4 Variation of electroluminescence peak wavelength as a function of the
width of the oxide masks. The separation between the masks is 10 pm.

4.6 Amplifier Designs

It is important to design amplifiers that operate at low currents in a single
transverse mode. Traveling wave amplifiers must have very low facet reflec-
tivity. Amplifier designs for low reflectivity are discussed in Chapter 5. In
this chapter, amplifier designs related to current confinement (to the gain
region) and single transverse mode operation are discussed.

Since semiconductor optical amplifier is very similar to a laser, the am-
plifier design development followed the development of the semiconductor
lasers. Early amplifier work based on the GaAs/AlGaAs or InGaAsP/InP
material system used a dielectric stripe for single transverse mode operation
and current confinement. The amplifier chip has ~4 to 6 um opening in
a dielectric layer through which the current flows. Similar laser structures
have been extensively studied [72-76]. An alternative to dielectric deposi-
tion is ion implantation (e.g. proton implantation with ~300keV proton)
through a mask, which creates a high resistance in the implanted regions.
This confines the current injection to a small stripe. Figure 4.6.1 shows the
transverse cross section of these amplifier structures.

The transverse guiding of the input optical signal in these structures is
primarily due to small gain/index guiding due to the injected carriers in the
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Figure 4.6.1 Schematic cross section of dielectric stripe and ion implanted amplifier
structures.
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Figure 4.6.2 Schematic cross section of a ride waveguide type amplifier.

stripe region. This gain guiding has been studied in detail in connection
with stripe geometry semiconductor lasers [7].

Good transverse guiding is important for good amplifier performance.
This is due to an improved overlap of the propagating optical mode and
gain. A ridge waveguide type structure (Figure 4.6.2) provides such an im-
provement. For a ridge waveguide amplifier, the propagating fundamental
mode is weakly index guided. This guiding arises because of the overlap of
the optical mode profile (shown dashed in Figure 4.6.2) with the dielectric
layer on the sides of the ridge. The ridge width is typically ~3 to 4 wm and
the dielectric layer is SiO2 or SisNy. The index of these materials (~1.5 or
1.8) is considerably smaller than that of the semiconductor (~3.2 to 3.5).
Thus a small overlap is sufficient to provide weak index guiding.

Ridge waveguide devices [77-79] are relatively simple to fabricate. It
involves one epitaxial growth (growth of the active gain region, cladding
layers and the contact layer), followed by ridge etching, and then by metal
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Figure 4.6.3 Schematic of two index guided buried heterostructure designs, (a) [81] and
(b) [82].

contact depositions, cleaving and coating. However, better performance
(such as low amplified spontaneous emission and noise) is achieved using
strongly index guided designs. Figure 4.6.3 shows the schematic cross sec-
tion of two strongly index guided designs. These designs were originally
developed for lasers but they are also suitable for amplifiers. The gain re-
gion (InGaAsP-Active) in these structures are surrounded (or buried) on all
sides by InP layers. As a result, they are also known as buried heterostruc-
ture designs. The index of InP is ~3.22 and that of the active region is
~3.5. The effective transverse index difference for these structures is ~0.3,
compared to ~0.03 for ridge waveguide structures (Figure 4.6.2) and ~0.005
for gain guided structures (Figure 4.6.1).

Variations of the above designs have been reported in the literature
[80-89]. A buried heterostructure design that is currently used for ampli-
fier fabrication is the capped mesa buried heterostructure (CMBH) design.
Scanning electron micrograph of a capped mesa buried heterostructure de-
sign along with the cross section is shown in Figure 4.6.4. The current
blocking layers in this structure consist of i-InP (Fe doped InP), n-InP,
i-InP and n-InP layers. These sets of blocking layers provide good cur-
rent confinement, i.e. most of the current injected at the top contact goes
through the active region instead of around it. An optimization of the
thickness of these layers is needed for high gain performance.

The fabrication involves the following steps. A n-InP layer, a InGaAsP
gain layer (active region), a p-InP layer, and a p-InGaAs layer are grown
over a (100) oriented n-InP substrate using MOCVD growth technique.
The p-InGaAs layer is etched away. Then ~1pm wide mesas are etched
on the wafer using a SiO; mask and wet chemical etching. The current
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Figure 4.6.4 Schematic and scanning electron photomicrograph of a buried heterostruc-
ture (BH) amplifier.

blocking layers consisting of i-InP, n-InP i-InP and n-InP layers are grown
on the wafer using a second MOCVD growth with the SiOy (oxide) layer
on top of the mesa in place.

The oxide layer is then removed and a third growth of p-InP cladding
layer and p-InGaAs contact layer is carried out. The wafer is then processed
using standard lithography, metal deposition and cleaving techniques to
produce the chips. The chips are then antireflection (AR) coated to produce
amplifiers. For some amplifiers (buried facet — see Chapter 5) designs, the
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current blocking layers are also grown near the facet regions. These layers
then serve as a beam expanding region which reduces the effective residual
facet reflectivity.

4.6.1 Leakage current

For buried heterostructure devices the confinement of the injected current
to the active region is achieved through reverse biased heterojunctions or
forward biased InP homojunctions (which turn on at a voltage higher than
that needed for light amplification). The difference between the total cur-
rent I injected into the lasers and the current going through the active
region (I,) is the leakage current (I;), i.e.

L =1-1, (4.6.1)

The magnitude of I, and its variation with I depends on the carrier con-
centration of the current blocking layers, their thickness and also on the
presence of any defects in the current confining junctions or in any of the
layers. A large leakage current would lead to low optical gain at high in-
jected currents and is therefore not desirable. The amount of amplified
spontaneous is also significantly reduced.

For the analysis of leakage currents, a buried heterostructure design is
represented by its electrical equivalent circuit. This circuit has several paths
for the flow of current from p-contact to the n-contact; one of which is the
active region, represented by a diode. For the purpose of illustration, one
of the buried heterostructure designs of Figure 4.6.3 along with its various
electrical paths is shown in Figure 4.6.5. The values of the resistors and the
gain of the transistors determine the amount of leakage. These quantities
are determined by the carrier concentration in the layers and their thickness.
A detailed analysis of leakage in buried heterostructure designs is given in
Ref. [90]. The leakage effect is more severe for amplifiers because unlike a
laser, the voltage across the active junction does not saturate at threshold.

The leakage path marked by I; in the schematic of Figure 4.6.6 shows
the leakage path consisting of a resistor and a InP homojunction diode. The
electrical equivalent circuit of the active junction and this leakage path is
shown in Figure 4.6.6.

The low current turn-on voltage of the InP homojunction is higher than
that of the amplifier active junction. However, at high current depending
on the value of the resistors in each path the I-V curves associated with
these two paths would cross and the homojunction leakage may exceed
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Figure 4.6.5 Schematic cross section of a buried heterostructure design and its electrical
equivalent circuit [90].

the current going through the active junction. This is also illustrated in
Figure 4.6.6. Thus the design of the current confinement layers is important
for the fabrication of amplifiers that operate at high current and hence
high gain.

4.7 Growth of QWR and QD Materials

For the quantum well structures, the continuous set of energies is related
to carrier motion in two dimensions in the plane of the well. For quantum
wire (QWR) structures, the carrier motion is allowed only in one dimension,
i.e. along the length of the wire. The carrier confinement in the other two
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Figure 4.6.6 Electrical equivalent circuit of an active heterojunction diode in parallel
with a InP homojunction diode is shown in the inset. Representative I-V characteristics
of the heterojunction diode path (solid curve) and that of the homojunction diode path
(dashed curve) [90].

directions result in a discrete set of levels. For quantum dot (QD) struc-
tures, the carriers are confined in all three directions. Over the last decade,
low dimensional quantum well structures have found application in opto-
electronic devices such as lasers, amplifiers and FET’s. Lasers with quan-
tum structure are expected to have improved performance characteristics
such as low threshold operation, low temperature sensitivity and low spec-
tral width [91-98]. Many of these improved performances have been realized
in quantum well structures. The advantages of QWR’s are enhanced with
respect to quantum wells because of their confinement in one dimension. In
addition, theory predicts that QD’s being confined in all three dimensions
should have even superior properties for laser applications. The superior
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property of QD’s as it relates to semiconductor optical amplifiers are high
speed of response since the gain and phase recovery times are short com-
pared to other structures [99].

For the growth of quantum well structures, thin layers (few nm thick)
need to be grown on a planar substrate. This is accomplished by growth
techniques such as MOCVD or MBE discussed earlier. Growth times are
adjusted so that the desired thickness is achieved. The typical growth
rates in MBE process is ~1 pm/hour and that for MOCVD process is
~0.1pm/min. The growth rate for LPE process is generally too large,
~1 pm/min, to allow suitable reproducible growth of the thin layers needed
for quantum well structures.

Many efforts have been devoted to the realization of QWR structures
[91, 92]. These include self organized growth, growth on a ridge structure,
growth on step structures, and, growth in V-grooves [100-104]. Quantum
wire lasers using InAsP/InP and InGaAs/InP material system have been
fabricated using growth in V-grooves. Fabrication of QWR, structure by
mass transport is sketched is shown in Figure 4.7.1. V-grooves are etched
on a InP substrate by wet chemical etching. The substrate is then heated
in a MOCVD reactor to a temperature of ~600°C in the presence of As
and P. No group III sources are present. Mass transport is believed to
take place as follows. InP on the top edges of the ridge release P to form
metallic In which then migrates to the bottom to recapture the P. If there

. V-grooved
InP InP substrate

As, P
P
4 In 4
_\gl J N /,_
Mass Transport
InP
InP .
Quantiun Wire

InP - InAsP

Figure 4.7.1 Schematic of the mass transport process for the formation of InAs/InP
quantum wires.



104 Semiconductor Optical Amplifiers

is As present in the ambient, it captures As at a certain rate. Thus InAsP
is formed at the bottom of the V-groove under certain partial pressure of
As and P.

Quantum wire lasers need very good current confinement, i.e. a large
fraction of the injected current must flow through the active region and not
around it. Quantum wire lasers with semi-insulating Fe doped InP current
confining layer has been reported [105].

The schematic of the device fabricated using the InGaAsP /InP material
system is shown in Figure 4.7.2. First, a n-InGaAsP layer followed by a
Fe:InP layer is grown on a (100) oriented n-InP substrate by MOCVD
growth technique [105]. V-grooves are then etched on the wafer using a
SiO, mask and wet chemical etching. Then the undoped InGaAs QWR
active region is grown in the tip of the V-groove. Thus is followed by the
growth of a thin undoped InGaAsP layer, p-InP layer and a p-InGaAs layer.
The last layer serves as a contact layer for current injection. Modifications
of the structure which includes ion implantation to create a high resistance
in the p-InP layer (for better current confinement) has been reported [104].

In addition to V-grooves, QWR structures have been grown in ridges
or side walls. Growth of InGaAs and InAlAs on the (100) oriented mesa
has been reported. The growth experiments showed the exact shape (flat
topped or pyramid shape) is important in determining the growth condi-
tions for the growth of a particular material.

Optical amplifiers using QWR active region generally have low gain due
to difficulty in current confinement at high currents. In addition, the optical
mode confinement factor is small. However, for the same reason they are
likely to have high saturation powers.

M

Figure 4.7.2  Structure of a QWR laser on a V-groove substrate [92, 105].
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Although the advantages of low dimensional structures (such as QD and
Q-wire) were determined early on [93-95], the experimental challenge has
been to fabricate QD’s (~10nm in dimension) of uniform size in a repro-
ducible way. There has been considerable work on fabrication of semicon-
ductor nanostructures using the phenomenon of island formation during
strained layer epitaxy, a process called Stranski-Krastanow growth mode.
A formation of clusters is observed during epitaxial growth of a semicon-
ductor layer (e.g. InGaAs) on top of another (e.g. GaAs) that has a lattice
constant several (3 to 5) percents smaller. For the first few layers the atoms
arrange themselves in a planar layer called the wetting layer. As the epi-
taxial growth proceeds, the atoms bunch up to form clusters. The cluster
growth is energetically favorable since it relaxes the strain and thus reduces
the strain energy. Since the QD’s appear spontaneously, the process is of-
ten called a self assembly process. Although this process generally produces
dots of different sizes, lasers and amplifiers with QD active region have been
fabricated [92]. The self assembly process is observed in several material
systems. For example, GaAs and InAs to form InGaAs quantum dots, InP
and GaP to form InGaP quantum dots and Ge and Si which form GeSi dots.

The advantages of self assembly are: a large number of quantum dots
can be formed in a single step without lithography and they can covered
epitaxially by the host material without any interface defects. The size
of the dots can be controlled within in a certain range by controlling the
amount of deposited material. The schematic of QD formation is shown in
Figure 4.7.3.

Substrate

Quantum

#/dots
o O O O O

V. :
Wetting

1
Substrate ayer

Figure 4.7.3 Schematic of quantum dot formation. The top figure shows the planar
substrate. The lower figure shows quantum dots on the wetting layer. The dots are
covered in a high band gap material for laser or amplifier devices.
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The emission wavelength depends on the size of the dot and thus the
emission wavelength can be controlled to a certain extent for the same
material system. All techniques of doping and energy band modifications
from planar layer growth can, in principle, be adapted to quantum dot
growth by self assembly.
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Chapter 5

Low Reflectivity Facet Designs

5.1 Introduction

Semiconductor optical amplifiers can be classified into two categories, the
Fabry-Pérot (FP) amplifier [1, 2] and the traveling wave (TW) amplifier
[3-8]. A FP amplifier has considerable reflectivity at the input and output
ends which results in resonant amplification between the end mirrors. Thus,
a FP amplifier exhibits larger optical gain at wavelengths corresponding to
the longitudinal modes of the cavity and the gain is small in between the
cavity modes. This modulation in gain is not desirable if the amplifier is
used in optical networks. The TW amplifier, in contrast, has negligible
reflectivity at each end which results in wavelength independent (no mod-
ulation in gain) signal amplification during a single pass. The optical gain
spectrum of a TW amplifier is quite broad and corresponds to that of the
semiconductor gain medium. Most practical TW amplifiers exhibit some
small ripple in the gain spectrum which arises from residual facet reflectiv-
ity. TW amplifiers are more suitable for system applications. An example
of the gain spectrum of a TW amplifier with antireflection coated cleaved
facets is shown in Figure 5.1.1. The output exhibits some modulations at
longitudinal modes of the cavity because the optical gain is slightly higher
at the modes than in between the modes. Both TE (transverse electric) and
TM (transverse magnetic) fundamental modes can propagate in a TW am-
plifier. These modes have slightly different effective indices due to slightly
different confinement factors and hence the precise antireflection coating
needed for these modes are different. Thus the residual modulation in TE
and TM mode gain in TW amplifiers due to nonzero facet reflectivity re-
sults are spectrally displaced. This problem is reduced considerably for
amplifiers with nearly equal confinement factor for TE and TM modes.
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Figure 5.1.1 Optical gain spectrum of a traveling wave semiconductor optical amplifier
at several injection currents [4].

For plane waves, a quarter wave thick (thickness = \g/4n where n is the
index of the dielectric layer) single layer dielectric coating with an index
n= ml,{ % where n,, is the index of the semiconductor material is sufficient
to create a perfect (zero reflectivity) antireflection coating. The waves prop-
agating in the amplifier are not plane waves and the above therefore serves
only as an approximation. For very low gain modulation (also known as
gain ripple) the facet reflectivity of a TW amplifier must be <0.01%. Much
effort has been devoted to fabricate amplifiers with very low effective facet
reflectivity. Such amplifier structures either utilize special low effective re-
flectivity dielectric coatings, or have tilted or buried facets. Fabrication
and performance of these devices are described in this chapter.

In an ideal traveling wave (TW) amplifier the optical beam should not
experience any reflectivity at the facets. However, in practice the facets
with antireflection (AR) coating exhibit some residual reflectivity. This
residual reflectivity results in the formation of an optical cavity which has
resonance at the longitudinal modes. This results in a variation in gain as
a function of wavelength of a traveling wave semiconductor amplifier. This
variation in gain appears in the form of a ripple (periodic variation in gain
at the cavity mode spacing). Figure 5.1.1 shows the gain spectrum of a
typical traveling wave amplifier with a good AR coating at the facets. Note
the gain ripple increases with increasing current, i.e. gain ripple increases
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with the gain of the amplifier. The peak of the gain spectrum also shifts to
short wavelength with increasing current.

The gain of an amplifier in the presence of residual reflectivity has been
calculated. The optical beam propagating through the amplifier undergoes
both a change in intensity (amplitude) and phase. The gain G of the
intensity is given by [8]

G = (- R - By)Gs (5.1.1)

(1+ VRiR2G,)® + 4VRiRyG, sin? ¢

where G, is the single pass gain and R;, Rs are the residual reflectivity
of the two facets. The quantity ¢ is the phase shift through the amplifier
given by

L P
6= o+ L2 (P+Pg> (5.1.2)

where ¢ = 2w Ln/\ is the nominal phase shift, 7 is the effective refractive
index of the amplifier, « is the linewidth enhancement factor, gg is the un-
saturated gain and the quantities P and P; are the internal optical power
and saturation power respectively. The sin® ¢ term in Eq. (5.1.1) is respon-
sible for the modulation in output signal intensity. The case of practical
interest is for Ry, Ry < 1073, In this case, the residual facet reflectivity
appears as small ripples on the overall gain spectrum.

The peak to valley ratio (V) of the gain modulation obtain from
Eq. (5.1.1) is given by

vV — [1+\/R1R2GS:|
1= VRiR.G, |

For an ideal TW amplifier both Ry, Re = 0; in this case V = 1, i.e. no
ripple occurs at the cavity mode frequencies. The quantity V is plotted in
Figure 5.1.2 as a function of (R Ra)'/? (reflectivity) for two different values
of gain. The figure shows the gain ripple increases with increasing gain and
increasing facet reflectivity.

(5.1.3)

5.2 Low Reflectivity Coatings

A key factor for good performance characteristics (low gain ripple and low
polarization selectivity) for TW amplifiers is very low facet reflectivity [3-9].
The reflectivity of cleaved facets can be reduced by dielectric coating.
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Figure 5.1.2 The calculated gain ripple as a function of residual reflectivity, (R =
(R1R2)1/2) for two values of internal gain [4].

For plane waves incident on an air interface from a medium of refrac-
tive index n, the reflectivity can be reduced to zero by coating the interface

1/2 and whose thickness

with a dielectric whose refractive index equals n
equals \/4.

However, the fundamental mode propagating in a waveguide is not a
plane wave and therefore the above n'/2? law only provides a guideline for
achieving very low (~10~%) facet reflectivity by dielectric coatings. In prac-
tice, very low facet reflectivities are obtained by monitoring the amplifier
performance during the coating process. The effective reflectivity can then
be estimated from the ripple at the Fabry-Pérot mode spacings, caused by
residual reflectivity, in the spontaneous emission spectrum. The result of
such an experiment is shown in Figure 5.2.1 [9, 10]. The reflectivity is very
low (<107%) only in a small range of wavelengths. Although laboratory
experiments have been carried out using amplifiers that rely only on low
reflectivity coatings for good performance, the critical nature of the thick-
ness requirement and a limited wavelength range of good anti-reflection
(AR) coating led to the investigation of alternate schemes as discussed
below.
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5.3 Buried Facet Amplifiers

The principal feature of the buried facet (also known as the window struc-
ture) optical amplifiers relative to AR-coated cleaved facet devices is a
polarization independent reduction in mode reflectivity due to the buried
facet, resulting in better control in achieving polarization independent gain.

Schematic cross section of a buried-facet optical amplifier is shown
in Figure 5.3.1. Current confinement in this structure is provided by
semi-insulating Fe-doped InP layers grown by the MOCVD growth tech-
nique. Fabrication of this device involves a procedure similar to that
used for lasers. The first four layers are grown on a (100)-oriented n-InP
substrate by MOCVD. These layers are (i) an n-InP buffer layer, (ii) an
undoped InGaAsP (A~1.55um) active layer, (iii) a p-InP cladding layer,
and (iv) a p-InGaAs (A~1.65wm) layer. Mesas are then etched on the
wafer along the [110] direction with 15pum wide channels normal to the
mesa direction using a SiO mask. The latter is needed for buried-facet
formation. Semi-insulating Fe-doped InP layers are then grown around the
mesas by MOCVD growth process with the oxide mask in place. The oxide
mask and the p-InGaAs layer is removed and a p-InP cladding layer and
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Figure 5.3.1 Schematic of a buried facet optical amplifier [11].

p-InGaAs (A~1.65 um) contact layer are then grown over the entire wafer
by the MOCVD growth technique. The wafer is processed using standard
lithography methods, metal depositons and cleaved to produce 0.5 mm to
3 mm-long buried-facet chips with ~7um long buried facets at each end.
The facets of the chips are then AR-coated using a single-layer film of
ZrO5. Fabrication of cleaved-facet devices follows the same procedure as
described above, except that the mesas are continuous with no channels
separating them. The latter is needed for defining the buried-facet regions.
The semi-insulating layer, in both types of devices, provides current con-
finement and lateral index guiding. For buried-facet devices it also provides
the buried-facet region where beam expansion takes place.

The effective reflectivity of a buried facet decreases with increasing sep-
aration between the facet and the end of the active region. The effective
reflectivity (Rest) of such a facet can be calculated by using a Gaussian
beam approximation for the propagating optical mode. It is given by [11]

Reg = R/(1+ (25/kw?)?) (5.3.1)

where R is the reflectivity of the cleaved facet, S is the length of the buried-
facet region, k = 2w /A, where X is the optical wavelength in the medium,
and w is the spot size at the facet. The calculated reflectivity using w =
0.7pm and R = 0.3 for an amplifier operating near 1.55um is less than
10~2 for buried-facet lengths larger than ~15um (Figure 5.3.2).
Although increasing the length of the buried-facet region decreases the
reflectivity, if the length is too long the beam emerging from the active
region will strike the top metallized surface, producing multiple peaks in
the far-field pattern, a feature not desirable for coupling into a single-mode
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Figure 5.3.2 Effective reflectivity of a buried facet configuration plotted as a function
of the length of the buried facet [11].

fiber. The beam waist w of a Gaussian beam after traveling a distance z is
given by the equation [12]

w?(2) = W (1 + (Az/mwd)?) (5.3.2)

where wy is the spot size at the beam waist and A is the wavelength in the
medium. Since the active region is about 4 wm from the top surface of the
chip, it follows from the above equations that the length of the buried-facet
region must be less than 12 pm for single lobed far-field operation.

The optical gain is determined by injecting light into the amplifier and
measuring the output beam characteristics. The internal gain of an ampli-
fier chip as a function of current at two different temperatures is shown in
Figure 5.3.3 [13]. Open circles and squares represent the gain for a linearly
polarized incident light with the electric field parallel to the p-n junction
in the amplifier chip (TE mode). Solid circles represent the measured gain
for the TM mode at 40°C. Measurements were done for low input power
(—40dBm), so that the observed saturation is not due to gain saturation
in the amplifier, but rather due to carrier loss caused by Auger recombina-
tion. Note that the optical gain for the TE and TM input polarizations are
nearly equal.

Figure 5.3.4 shows the measured gain as a function of input wavelength
for TE-polarized incident light. The modulation in the gain (gain ripple)
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Figure 5.3.3 Measured chip gain as a function of amplifier current [13].

with a periodicity of 0.7 nm is due to residual facet reflectivity. The mea-
sured gain ripple for this device is less than 1dB. The estimated facet
reflectivity from the measured gain ripple of 0.6dB at 26 dB internal gain
is 9 x 1075, The 3-dB bandwidth of the optical gain spectrum is 45 nm for
this device.

It has been shown that the gain ripple and polarization dependence of
gain correlate well with the ripple and polarization dependence of the am-
plified spontaneous emission spectrum. Measurements of amplified spon-
taneous emission are much simpler to make than gain measurements, and
provide a good estimate of the amplifier performance [11, 13]. This is dis-
cussed in detail in Section 5.5. Buried facet and cleaved facet traveling
wave amplifiers have been well studied. Figure 5.3.5 shows the typical out-
put saturation characteristics of these amplifiers.

5.4 Tilted Facet Amplifiers
Another way to suppress the resonant modes of the Fabry-Pérot cavity is

to slant the waveguide (gain region) from the cleaved facet so that the
light incident on it internally does not couple back into the waveguide [14].
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Figure 5.3.4 Measured gain as a function of wavelength for the TE mode.

The process essentially decreases the effective reflectivity of the tilted facet
relative to a normally cleaved facet. The reduction in reflectivity as a
function of the tilt angle is shown in Figure 5.4.1 for the fundamental mode
of the waveguide.

Schematic of a tilted facet optical amplifier is shown in Figure 5.4.2 [14].
Waveguiding along the junction plane is weaker in this device than that
for the strongly index guided buried heterostructure device. Weak index
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guiding for the structure of Figure 5.4.2 is provided by a dielectric defined
ridge. The fabrication of the device follows a procedure similar to that
described previously.

The measured gain as a function of injection current for TM and TE po-
larized light for a tilted facet amplifier is shown in Figure 5.4.3 [14]. Optical
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Figure 5.4.3 Measured gain is plotted as a function of injection current [14].

gains as high as 30 dB have been obtained using titled facet amplifiers. Al-
though the effective reflectivity of the fundamental mode decreases with
increasing tilt of the waveguide, the effective reflectivity of the higher order
modes increases. This may cause appearance of higher order modes at the
output (which may reduce fiber-coupled power significantly), especially for
large ridge widths.
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5.5 Amplified Spontaneous Emission and Optical Gain

The optical gain measurements require an elaborate set up and thus it is
time consuming, which can make it unsuitable to perform in a manufac-
turing setting. In this section, it is shown that a significant portion of the
relevant information may be derived from amplified spontaneous emission
measurements.

The light vs. current characteristics (L-I) and the amplified spontaneous
emission spectrum of a buried facet amplifier is shown in Figure 5.5.1. The
L-I curve exhibits a soft turn-on (I, in Figure 5.5.1(a)). The turn on is
a result of amplification of the spontaneous emission. For high gain, the
amplifier should be operated at currents larger than I,. Figure 5.5.1(b)
of the amplified spontaneous emission spectrum shows that the spectrum
shifts to shorter wavelength with increasing current. This is primarily due
to filling of the band with injected electrons and holes. This is discussed
in Chapter 3. The high resolution spectrum of Figure 5.5.1(c) shows the
modulation of the intensity at the longitudinal mode spacing caused by
residual reflectivity of the facets.

The relationship between the optical gain, current and amplified spon-
taneous emission is calculated as follows. The material gain at an injection
current density n is approximately given by

g =a(n —no) (5.5.1)

where a is the gain constant and ng is the injected carrier density needed
for transparency.

The signal gain G, the amplified spontaneous emission power P, and
the injection current I are given by [8, 15]

G = exp[(T'g — o) L], (5.5.2)
P = hwfWdBn?*(G —1)/(Tg — a), (5.5.3)
I = eWdL(Bn? + Cn?), (5.5.4)

where B and C' are radiative and Auger recombination constants respec-
tively, W, d, L are the width, thickness and length of the gain medium
respectively, I' is the confinement factor, « is the optical absorption, hv is
the photon energy, e is the charge of the electron and f is the fraction of
spontaneous emission that gets amplified.

As an example, the calculated signal gain and amplified spontaneous
emission power as a function of injection current is shown in Figure 5.5.2 [11].



Low Reflectivity Facet Designs 123

O T T T T TTITTTTTTT

75’(0) 7
d i
z o -
2 -
a 25 —

0

4] 40 60 120 14160 200

CURRENT (mA)

(a)

INTENSITY (dB)

1.52 1.57 1.62
(b) WAVELENGTH (um)

—~| 404 |-
| 1
15568 1.5648 1.5728

WAVELENGTH (um)

]

INTENSITY (dB)
&

(c
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Figure 5.5.2 Calculated signal gain and amplified spontaneous emission power as a
function of current.

The parameters used are L = 500 um, d = 0.4 pm, W = 1.5um, C = 10~28
em® s7!, B = 1.2 x 10'° em?® s7!'. At an amplified spontaneous emission
(ASE) of few mW optical gain of ~25-30dB is feasible. The calculated ASE
shows a turn-on similar to that observed. The actual values will depend on
the value of the parameters used in the calculation.

The ASE spectrum is also a good measure of the position of the gain
peak, full width at half maximum of the gain curve and the gain ripple.
This is expected from Eq. (5.5.3) since the ASE is proportional to the
amplifier gain (G). Figure 5.5.3 shows the measured gain and the ASE as
a function of wavelength. The correlation between the gain roll-off and the
ASE intensity is good.

The gain ripple, i.e. the small variation in gain at longitudinal mode
spacing is caused by the residual facet reflectivity. The gain ripple also
appears on the ASE spectrum. Figure 5.5.4 shows the gain ripple plotted
as a function of the ASE ripple. The good correlation shows that the
ASE ripple can provide a good indication of gain ripple. The ASE ripple
is obtained from the amplified spontaneous emission spectrum. The gain
ripple is obtained by measuring the gain as a function of wavelength. A
tunable external cavity laser is used as the source of tunable wavelength for
the measurement of gain ripple. The light from the laser was coupled into
the amplifier using a single mode optical fiber.

Another factor of importance for amplifiers used in fiber systems is low
polarization dependence of gain. The ASE has been measured along the
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TE and TM directions using a polarizer at the output. Figure 5.5.4 shows a
plot of the ratio of the TE-TM polarized gain versus the ratio of the TE to
TM polarized ASE. The dashed line is for ideal correlation. The departure
from ideal behavior may be due to gain ripple since the gain measurements
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are carried out at specific wavelengths and the ASE represents an average
over a wavelength window.

Much of the discussions in this chapter have been using the In-
GaAsP/InP material system which is used to fabricate amplifiers for op-
eration in the 1.3 wm and 1.55 wm spectral region. These concepts related
to low reflectivity are applicable also for other material systems. The im-
portance of reflectivity was recognized in the early work on semiconductor
optical amplifiers [17-20].
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Chapter 6

Amplifier Rate Equations and
Operating Characteristics

6.1 Introduction

The dynamics of semiconductor optical amplifier performance and applica-
tion in optical communication systems is discussed in this chapter. A trav-
eling wave amplifier with very low facet reflectivity (~0.01%) is a promising
candidate for amplifier applications. The amplifier has a large bandwidth
(~5THz), this allows amplification of pulses as short as few ps. If the am-
plifier is operated in the linear regime, the amplified pulse is a replica of
the input pulse. However, in most cases the amplifier operates near satura-
tion particularly near the peak of the pulse, this results in time dependent
optical gain. Thus the amplified pulse undergoes a change in shape. The
leading edge of the pulse saturates the amplifier which results in a lower
gain for the trailing edge. The gain nonlinearity is accompanied by nonlin-
earities in the refractive index. This may be viewed as follows. The gain
saturation leads to a change in carrier density which results in a change in
refractive index. The amount of index change is a nonlinear function of the
instantaneous intensity of the pulse. This nonlinear refractive index induces
a time dependent phase shift and hence a time dependent frequency shift
(chirp) on the pulse. The spectrum generally shifts to the long wavelength
side (red shift).

Optical amplifiers have been used in several optical transmission ex-
periments with good performance. The application areas are in-line am-
plification and pre-amplification. As an in-line amplifier, the amplifier is
used to compensate for the optical losses during transmission. This al-
lows longer distance transmission without regeneration of the optical signal
through an optical to electrical conversion, signal retiming and back to

129
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optical conversion process. Error-free transmission over more than 300 km
has been demonstrated. For pre-amplification, the amplifier is used in front
of the photodiode in the receiver to increase the receiver sensitivity.

Amplifiers degrade the signal to noise ratio (SNR) of the amplified signal
primarily because of amplified spontaneous emission which adds to the
signal. The effect of spontaneous emission is to add fluctuations in the signal
which adds noise to the detected photocurrent. The SNR degradation is
generally characterized by a quantity called noise figure, F which is defined
as the ratio of the SNR value at the input of the amplifier to the SNR value
at the output of the amplifier. The smallest noise figure possible is 3 dB.
However, in real systems values of ~6 to 8 dB range is common. This is due
to signal-spontaneous beat noise and spontaneous-spontaneous beat noise
that fall within the receiver bandwidth. Various amplifier noise issues are
discussed in this chapter. Amplifier characteristics have been studied by
several authors [1-19].

6.2 Amplifier Rate Equations for Pulse Propagation

In this section, the basic rate equations for pulse propagation in semicon-
ductor optical amplifiers is developed [20-27]. The amplitude and phase
change of an optical signal propagating through the SOA is a result of gain
saturation. The propagation of an electromagnetic field inside the amplifier
is governed by the wave equation

V2E—- === =0 (6.2.1)

€

2 ot?
where E(x,y,z,t) is the electric field vector of the wave, ¢ is the light
velocity and ¢ is the dielectric constant of the amplifier medium. The di-
electric constant is given by

e=ni+x (6.2.2)

where np is the background refractive index which takes into dielectric
waveguiding in the semiconductor medium. It is, in general, a function
of x and y which represent the transverse coordinates of the waveguide
medium. The susceptibility x represents the effect of injected carriers on the
dielectric constant. It depends on the injected carrier density n. The exact
dependence of y on n is quite complicated. However, a phenomenological
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model is found to be quite effective. In this model x is given by [23]

ne .
x(n) = ——(a+i)g(n) (6.2.3)
wo
where 71 is the effective mode index. As discussed in Chapter 3, the optical
gain (g) approximately varies as

g =a(n—nop) (6.2.4)

where a is the gain constant, n is the injected carrier density and ng is
the carrier density needed for transparency. The carrier induced change in
index is accounted for using the linewidth enhancement factor, a;, which is
the ratio of the change in real part of the index to the imaginary part of the
index. The latter represents optical gain. The typical values of « are in
the range of 3 to 8. It is useful to make some simplifying approximation of
the wave equation. Assume a traveling wave amplifier with a single propa-
gating optical mode whose electric field distribution is ¢(x,y). Assume the
light is linearly polarized and it remains linearly polarized in the amplifier.
The electric field E(a:, y,2,t) can then be written as

E(z,y,2,t) = é% {d(x,y)A(z,t) expli(koz — wot)] + c.c.} (6.2.5)

where £ is the polarization unit vector, kg = fiwg/c, wo is the photon angular

frequency, and, A(z,t) is the slowly varying amplitude of the propagating

wave. Using Egs. (6.2.1) and (6.2.5) and neglecting second derivatives of

A(z,t) with respect to ¢t and z, and integrating over the transverse dimen-
sions x and y, we obtain

52¢ ¢ 2\ Wh

+ == +ny, —n%)—

022 ' Oy? (n] )02

0A 1 0A iwgl 1

o T A— —qint A 6.2.7
0z + vy Ot 2nc ne X a t ( )

»=0 (6.2.6)

where the group velocity vy = ¢/ng, the group index ng is given by

~ on
Nng =N+ wo (8_w>

The confinement factor, I'; is given by

B fowfod|¢ (z,9)] 2 dxdy .
SN0y dady

(6.2.8)
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The solution of Eq. (6.2.6) with appropriate boundary conditions pro-
vides the mode index n and the transverse field distribution ¢(z,y). The
last term in Eq. (6.2.7) represents the optical loss of the mode. The quanti-
ties w and d are the width and thickness of the amplifier active region. The
loss coefficient is ajne. The confinement factor T in Eq. (6.2.7) takes into
account the effect of the transverse mode. The group velocity dispersion
has been neglected in the above Eq. (6.2.7) since the amplifier lengths are
typically small (~1mm).

The evolution of carrier density (n) can be described by the following
equation (6.2.9) [23]. The equation assumes that the carrier density is
nearly uniform in the transverse direction and hence an average value can
be used. Also, carrier diffusion has been neglected since the amplifier length
is much larger than the diffusion length and the width, thickness are much
smaller than the diffusion length. In Eq. (6.2.9) V is the volume of the
active region, I is the injected current, e is the charge of the electron, 7. is
the carrier lifetime, and o, is the cross section of the active region:

on I n  Tg(n) AP

ot eV T.  hwoopm,

(6.2.9)

For pulse propagation, Egs. (6.2.7) and (6.2.9) can be further simplified
by using the retarded time frame:

T=t—2z/v,. (6.2.10)

Then, we obtain

on 1 n  Tg(n) AP

R s N 2.11
or eV 1. hwyom ’ (6 )
0A inF 1
g A— Zaipnt A. .2.12
0z 2nce X 2a t (6 )
‘We assume
A = VPexp(i¢) (6.2.13)

where P(z,7) and ¢(z, T) are the instantaneous power and the phase of the

propagating pulse, respectively. Using Egs. (6.2.3) to (6.2.13), we obtain

the following equations [23]:

04 g
2

- =51 +ia)A, (6.2.14)
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dg g—go gP

T (6.2.15)
P

5, = 9~ am)P, (6.2.16)
9y 1

Equation (6.2.14) is the equation for the complex amplitude A. The
quantity Fs = 7.Ps. P is the saturation power of the amplifier which is
given by

P; = hwoom /(al'Te), (6.2.18)
go is the small signal gain, which is given by
go =Ta(It./eV — ng) (6.2.19)

and o, 2 wd (w and d are the width and thickness of the active layer).

6.3 Pulse Amplification

For many applications, a series of intensity modulated signals are injected
into the amplifier. Such intensity modulated pulses are short in duration
for high speed communication systems. Amplification of pulses of light is
considered in this section. Using the formulation of the previous section, a
net gain g(z,7) can be defined as

9(z,7) = g — Qint.- (6.3.1)

Equation (6.2.16) can be integrated over the amplifier length to provide the
following expression for output power P, (7):

P,y (1) = Py (7) exp[h(7)] (6.3.2)

where Py, (7) is the input power and h(7) is the total integrated net gain
defined as

L
h(T)z/O g(z,T)dz. (6.3.3)

Under the assumption that the pulse width 79 < 7., the first term in
Eq. (6.2.15) can be neglected. Then Eq. (6.2.15) can be integrated over
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the amplifier length L to provide the following equation for h(¢):
dh  Bn(7)

o E. (e —1). (6.3.4)

Equation (6.3.4) can be integrated to obtain h(7) for different input pulse
shapes P, (7). The parameter of interest is the evolution of total gain G(t)
as a function of time. From Eq. (6.3.4) it is given by [23]

Go

G(1) = exp(h(7)) = Go — (Go — 1) exp [—Eo (1) / E]

(6.3.5)

where Gy is the unsaturated gain of the amplifier and the quantity Ey(7)
is given by

Ey(r) = /_T Py (r)dr. (6.3.6)

Equation (6.3.5) shows the gain is time dependent, i.e. different portion of
the pulse experience different amounts of gain. This leads to a modification
of the pulse shape after transmission through the amplifier. For the purpose
of a general discussion, a super-Gaussian pulse is used as the input:

Pu(r) = Pyexpl—(7/7,)*"] (6.3.7)

where m is the shape parameter. For m = 1, the pulses are Gaussian and
it becomes flat topped as m increases. Figure 6.3.1 shows the output pulse
shape for a Gaussian input pulse for several values of unsaturated gain Gy.
The pulse is given by

Pin (1) = Pyexp|—(7/10)?]. (6.3.8)

Figure 6.3.1 is obtained by solving the above equations. The calculated
pulse shape for several values of gain is shown. For higher gain, the output
pulse is asymmetric, i.e. the leading edge of the pulse has a faster rise time
than the trailing edge.

The optical gain is accompanied by a change in phase. The gain changes
the carrier density in the material. The phase of the propagating pulses
change because the real index varies with the carrier density. The total
phase change for the pulse propagating through the amplifier is given by
integrating Eq. (6.2.17) [23]:

L
() = ——04/0 g(z,7)dr = —%ah(T) (6.3.9)
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Figure 6.3.1 Output amplified pulse shape for several values of /79 when a Gaussian
pulse of width 79 is amplified by an amplifier. The output pulse is shown for several
values of small signal gain [23].

where « is the linewidth enhancement factor. The value of a depends
on the wavelength of the input light. It is typically in the 3 to 8 range
for regular double heterostructure gain region and is smaller (~2 to 5) for
multi quantum well gain region.

A time dependent phase change leads to a variation in optical frequency
of the pulse. The instantaneous variation in frequency, known as the fre-
quency chirp Av(7) is given by

1 do¢ a dh

Av(r) = T I dr (6.3.10)
The chirp of the output pulse Avgys(7) is given by Aveus(7) = Avin(7) +
Av(7) where Ay, (7) is the chirp of the input pulse. Figure 6.3.2 shows
the pulse spectrum during the evolution of a Gaussian pulse for various
amplifier gains. The linewidth enhancement factor, & = 5 is used in the
calculation. For high gain the spectrum has multiple peaks. With increas-
ing gain, the main peak in the spectrum shifts to the low frequency side
(redshift). The shift is larger than the spectral width of the pulse. For
10 ps wide pulses, the shift can exceed 100 GHz.

The phenomenon of multiple peaks in the output spectrum and the
associated change in output phase is called self phase modulation (SPM).
Such SPM induced broadening has been observed in the amplifier output
spectrum.
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Figure 6.3.2 Output pulse spectrum for an input Gaussian pulse [23].

Figure 6.3.3 shows the shape of the output pulse for a super-Gaussian
input pulse (m = 2) of width 79. The complete Eq. (6.2.15) for the temporal
evolution of gain is used in this calculation [23]. The pulse shape is calcu-
lated for various values of 79 /7.. The z-axis is in units of 79. The pulse en-
ergy is chosen so that Ei,/Es = 0.1. The amplifier has a 30 dB small signal
gain. The calculated pulse distortion is larger for short pulses (small 7o /7).

As before, a numerical solution of Eq. (6.3.10) gives Av(7) as a function
of time for super-Gaussian pulses. Figure 6.3.4 shows the frequency chirp
of an amplified pulse for various values of pulse energies. The frequency
chirp is larger for higher energy pulses because the gain saturation occur
earlier for such pulses. A value of 5 for « is used in the calculation.

In addition to the above frequency chirp, pulses propagating through
a SOA also exhibit self phase modulation. This happens for high enough
energies for which the index varies with the intensity of the pulse.

6.4 Multichannel Amplification

An early motivation behind the development of SOA has been simultaneous
amplification of many signals at different wavelengths such as that used in a
wavelength division multiplexed (WDM) communication system. An error-
free amplification is possible if there is no crosstalk between light at different



Amplifier Rate Equations and Operating Characteristics 137

T T T T I L) Ll L) T I L] L] L) L} I T T T T
100 - Ggp = 30dB -
o i ]
a = 4
3 "
S g -
c - 3
w n 3
§ [ ]
I:n i INPUT PULSE 7
s 'F E
l'.'l'l TR | L
-2 '2

TIME, 7/7¢

Figure 6.3.3 Amplified pulse shape for several values of 79/7. when a super-Gaussian
pulse of with 79 is amplified by an amplifier with a small signal gain of 30 dB [28].
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pulse energies [28].
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wavelengths. Crosstalk can arise from two mechanisms viz. gain saturation
and carrier density modulation. Gain saturation results in crosstalk because
the presence of one signal saturates the gain of the other. This is similar to
cross gain modulation discussed previously. If the amplifier is operated in
the unsaturated regime the gain saturation induced crosstalk can be made
small. Experimental and theoretical studies of multichannel amplification
have already been published [29-37].

In the presence of two optical signals at two different frequencies the
carrier density in the SOA is modulated at the difference frequency. The
carriers modulating at this difference frequency in turn can interact with
the optical signals to produce sidebands on the input optical frequencies.
The process is similar to four-wave mixing. The sidebands act as noise
sources for the other channels when SOA is used in a multichannel system.
The cross gain effect as a function of frequency spacing between the two
input signals and the sideband powers for a SOA has been calculated [37].

Figure 6.4.1 shows the calculated variation of gain of the input signals
as a function of the frequency separation D7 where 7, is the carrier lifetime
in the amplifier and D is the frequency separation between the two input
signals. The input powers P; and P» of the two signals are assumed to be

CHANNEL GAIN (dB)

CHANNEL SPACING, Dtg

Figure 6.4.1 The optical gain is plotted as a function of D7s where 75 is the carrier
lifetime in the amplifier and D is the frequency separation between the two input sig-
nals [37]. G1 and G2 are optical gain of the two signals.
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Figure 6.4.2 Calculated low frequency (Pp) and high frequency (Ps) side band powers
as a function of D7, [37].

the same. The two cases shown in Figure 6.4.1 are for equal input powers of
—30dBm and —25dBm respectively. The unsaturated gain of the amplifier
is 25 dB. The quantities G; and G2 are the optical gains of the two signals.
They are defined as the ratio of the output power and the input power
for the amplifier. For large channel spacing, the optical gains of the two
signals are close. The effect of four wave mixing is to decrease the gain for
the low frequency signal and increase it for the high frequency signal. The
gain difference is much larger for the high power input case (—25dBm)
compared to that for the low power input (—30dBm). The saturation
power is assumed to be 0dBm (1 mW) in the calculation. The intensity
of the sidebands relative to the saturation power is shown in Figure 6.4.2.
Py and Pj5 refers to the power in the low frequency and high frequency
sidebands. The side band powers are large for low D7,. The typical value
of 74 is ~0.2 to 0.5 ns. The large crosstalk limits SOA use in WDM systems.

6.5 Amplifier Application in Optical Transmission Systems

In an optical transmission system, as the optical signal travels through
the fiber, it weakens and gets distorted. Regenerators are used to restore
the optical pulses to their original form. Figure 6.5.1(a) shows the block
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Figure 6.5.1 (a) Block diagram of a lightwave regenerator. (b) Schematic of a semicon-
ductor optical amplifier used as an amplifier.

diagram of a typical lightwave regenerator. Its main components are an
optical receiver, an optical transmitter, and electronic timing and decision
circuits. Optical amplifiers can nearly restore the original optical pulses
and thereby increase the transmission distance without using conventional
regenerators. An example of a semiconductor optical amplifier (SOA) that
function as a regenerator is shown schematically in Figure 6.5.1(b). The
semiconductor amplifiers need external current to produce gain while the
fiber amplifiers need pump lasers for the same purpose. Because of its
simplicity, an optical amplifier is an attractive alternative to regenerators.

In current optical transmission systems, fiber amplifiers are used for
amplification. The properties of fiber amplifiers are discussed in several
articles [38-44]. The fiber amplifiers used in communication systems con-
sist of a doped silica fiber (Er doping produces gain near 1.55um) which
is pumped by a semiconductor laser (pump laser) operating near 0.98 pm
or 1.48 um. The pump laser excites the Er atoms to a higher energy level
and when it makes a transition to a lower energy level the stimulated pho-
tons (gain) are emitted in the presence of a signal photon. Thus the signal
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propagating in the fiber is amplified by the fiber amplifier. The advantages
of fiber amplifiers over SOA are polarization independent gain and high
saturation power. Although SOA’s can be made with polarization inde-
pendent gain and low facet reflectivities, these SOA’s generally have low
saturation powers. SOA’s with high saturation power have quantum well
active region which also have a significantly higher gain in the TE polar-
ization than that for the TM polarization. SOA has the advantage of much
lower power consumption than a fiber amplifier and it can be monolithically
integrated with other devices such as lasers, couplers, etc. Thus it is useful
to discuss the potential uses of SOA as an amplifier in a fiber transmission
system [14-18, 45-53].

The fabrication and design of SOA, have been discussed in previous
chapters. The main applications of SOA can be outlined as follows: in-line
amplifier — to provide gain to compensate the transmission losses between
the transmitter and the receiver; receiver pre-amplifier — to increase the sig-
nal level in front of the photodetector in the receiver, this increases receiver
sensitivity; power amplifier — to increase the output power of the transmitter.
The optimum SOA design depends on its application.

6.5.1 In-line amplifiers

In-line amplifiers can be used to compensate for optical losses in a fiber
optic transmission system. Experiments have been carried out using both
direct detection (on-off keying technique) and coherent detection. An in-
line amplifier configuration used in a direct detection experiment is shown in
Figure 6.5.2. The signal source is a laser which emits in a single wavelength.
In this experiment the laser is made to emit in a single frequency using an

789 km 645 km 540 km

SCBR .
laser amp.1 iso. amp2 Iso. amp.3 150. grating

7 080300 0@@%

pin diode

elec.
pattern error amp.
generalor detector

Figure 6.5.2 Experimental setup for an in-line optical amplifier transmission experi-
ment [52].
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intracavity Bragg reflector fabricated using silicon waveguide technology
(SCBR Laser in Figure 6.5.2). In principle, any good single wavelength
laser with low spectral width under direct modulation should be usable.
The laser output is modulated by modulating the laser current at 1 Gb/s.
A total of 313km of fiber representing a total optical loss of —69.9dB is
used between the transmitter (laser) and receiver. Three in-line amplifiers
are used with the separations between them as stated in Figure 6.5.2. A
fourth amplifier is used as a preamplifier in front of the receiver to amplify
the signal so as to produce enough photocurrent. Optical isolators are used
to reduce reflection effects. The total fiber-to-fiber coupling loss for each
amplifier is estimated to be ~10dB.

An optical band pass filter (grating) is used at the output of amplifier
no. 3 to reduce the amount of spontaneous emission. Figure 6.5.3 shows the
measured bit-error-rate (BER) as a function of received power. The line
with solid circles is plotted for the 313 km transmission with amplifiers and
the line with open circles is plotted for the back-to-back measurements.

bil error rate
o
1

10710+

10-1‘-' L | I 1 1 J
-34 -32 =30 -28
received power, dBm

Figure 6.5.3 Measured bit-error-rate (BER) as a function of received power. The line
with solid circles is plotted for the 313 km transmission with amplifiers and the line with
open circles is plotted for the back-to-back (short fiber and no SOA) measurements [52].
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With four amplifiers and 313km of fiber the receiver sensitivity (power
needed for 1079 bit error rate) increases by only 1.4 dB. This power penalty
is due to a number of factors such as signal-spontaneous beat noise, pattern
effects due to gain saturation and fiber dispersion.

An in-line amplifier configuration used in an experiment which utilizes
coherent detection is shown in Figure 6.5.4 [17]. The system has four am-
plifiers approximately 55 to 65 km apart. The total transmission distance is
~372km. The total internal gain of the amplifiers is ~87 dB. However, due
to coupling losses the net gain was ~47dB (50,000). The gain is sufficient
to compensate for the coupling losses. The system operated at 400 Mb/s
with coherent detection and frequency shift keying (FSK) modulation for-
mat. The polarization controllers and isolators are inserted between am-
plifiers. The polarization controller is necessary for controlling the input
polarization because both the isolators and amplifiers are sensitive to the
polarization of input light.

Figure 6.5.5 shows the variation of optical power along the transmission
path. In between the amplifiers the signal drops exponentially with distance
(linear in the log scale) with the exponent given by fiber loss. The optical
power is increased at each amplifier site by an amount equal to the amplifier
net gain.

Figure 6.5.6 shows the bit-error-rate curves for the transmission exper-
iment. Since the optical power is generally low (~1mW) for in-line ampli-
fier applications with a single wavelength transmission, the major amplifier

swsElon & =N

Figure 6.5.4 Experimental setup for a long distance transmission experiment using
semiconductor optical amplifiers [17].
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Figure 6.5.5 Optical signal level along the transmission path [17].

requirements in addition to suitable gain are the polarization independent
gain and absence of gain ripple due to non-zero facet reflectivity. Many
fiber optic transmission systems use data at multiple wavelengths of light
which propagate through the same fiber (also known as Wavelength Divi-
sion Multiplexed or WDM transmission). For these systems light at each
wavelength needs to be amplified to about the same power level, i.e. for a
N-wavelength WDM system, the saturation power of the amplifier needs to
be N times larger. Since N is typically ~16 or 32 or 64, polarization inde-
pendent SOA with ~100mW saturation power is needed. This is difficult
to achieve in practice and fiber amplifiers can easily provide polarization
independent gain with high (~100mW to 1 W) saturation power.

6.5.2 Optical pre-amplifier

When a SOA is used as an optical pre-amplifier it is located in front of
the photodetector in the receiver. This, in effect, provides a photodetector
with gain (similar to an avalanche photodiode [53, 54]). Thus optical pre-
amplifier application are important for cases where the gain of the avalanche
photodiode is not high enough for the receiver bandwidth needed, i.e. at
high data rate. Optical pre-amplification using SOA has been reported by
several authors [45-50].

An experimental setup for optical pre-amplification is shown in
Figure 6.5.7. The SOA has isolators at both the input and the output
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Figure 6.5.6 Bit-error-rate characteristics for a 372km, in-line amplifier experiment.
The line labeled A is the baseline for receiver, i.e. without amplifiers and with a short
fibers and the line labeled B is after 372km transmission with amplifiers [17].

and lenses are used to couple light between the input and output fibers and
the amplifier. A filter (grating) is inserted between the amplifier and the
photodiode. This filter is important for reducing noise from the amplified
spontaneous emission impinging on the photodiode. The filter bandwidth
is ~1nm. The input light is from a distributed feedback laser emitting
near 1.55 pm wavelength and modulated at 4 Gb/s. The output of the pho-
todiode (p-i-n type) is connected to the receiver electronics which has a
high impedance (~5kohm) front end. Received power in the system is the
optical power at the input fiber. The bit-error-rate (BER) as a function
of received power for 4 Gb/s data is shown in Figure 6.5.8. The receiver
sensitivity (power needed for an error rate of 107%) is —34.3dBm. The
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Figure 6.5.7 Experimental setup for a semiconductor optical amplifier (SOA) based
pre-amplifier receiver [17].
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Figure 6.5.8 Bit-error-rate (BER) for a receiver with optical preamplifier at 4 Gb/s [17].

sensitivity without optical pre-amplifier for the same receiver is —25dBm
at 4 Gb/s. Thus the pre-amplifier provides an improvement of ~9dB. The
BER decreases with increasing power linearly in the above plot without
an error floor. This shows that a configuration of the above form which
utilizes filters can make the amplifier noise for the pre-amplifier system
sufficiently low.
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6.5.3 Power amplifier

When SOA is used as a power amplifier, a key requirement is high saturation
power. As discussed in previous chapters, SOA with MQW active region
can have high saturation powers. Such SOA has a strong polarization
dependent gain, i.e. TE mode gain is considerable higher than TM mode
gain. Since the laser light is TE polarized, this is not a major concern. An
example of integrated chips where the SOA is used as a power amplifier is
shown in Figure 6.5.9.

In both cases, the amplifier is used to compensate the losses from
the coupler. Such integrated chips are suitable as transmitters for WDM
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Figure 6.5.9 The figure shows two configurations of distributed feedback laser array as
sources for transmission in WDM systems. (a) Each laser can be separately modulated
at high speed for simultaneous multiwavelength transmission. (b) The lasers output is
combined for single wavelength, wavelength selectable transmission [55].
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systems. Various integrated laser-amplifier structures have been fabricated.
These are discussed in detail in Chapter 7.

6.6 Amplifier Noise

Amplifiers degrade the signal to noise ratio (SNR) of the amplified signal
primarily because of amplified spontaneous emission which adds to the
signal [56]. The effect of spontaneous emission is to add fluctuations in the
signal which adds noise to the detected photocurrent. The SNR degradation
is generally characterized by a quantity called noise figure, F, which is
defined as

(SNR)in

F=—_Jn
(SNR)out

(6.6.1)
where SNR refers to the signal to noise ratio of the electrical power gener-
ated when the signal is converted to current by a photodetector. The SNR
of the photodetector is determined by both the thermal noise and the shot
noise. For an ideal detector, considered below, shot noise is the only noise.
In this case simple expressions can be obtained.

Consider an amplifier with an input optical power P,,, amplifier gain
G, a detector with a responsivity R with an electrical bandwidth B. The
responsivity R is the ratio of the photocurrent (Amp) per unit power (W).
For an ideal detector R = (e/hv) where e is the charge of the electron
and v is the frequency of the incident optical signal. The photocurrent
generated is given by

I, = RP, (6.6.2)

and the r.m.s. (root mean square value of the photocurrent) due to shot
noise is

0? = 2e(RPy)B.
Thus the input SNR is given by

<Il>2 _ -Pin
02  2hvB’

(SNR)in = (6.6.3)

In order to determine the output SNR, the spontaneous emission must be
added. The spectral density of spontaneous emission induced noise (white
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noise) is given by
S(v) = (G — 1)Nyphv (6.6.4)

where Ny, is the spontaneous emission factor or the population inversion
factor. For a two level atom, it is given by

No

Nyp =
where Ny and N; are the number of atoms in the upper and lower state
respectively. Thus for high population inversion Ny > Ni, Ng, ~ 1. How-
ever, for low population inversion, Ng, could be much larger. Various
sources of noise in an optical amplifier are discussed later. For the dis-
cussion here only the dominant contribution is considered, i.e. the variance
of the photocurrent arises mainly from the beating of the spontaneous emis-
sion with the signal. The spontaneous emission mixes coherently with the
signal at the photodetector and produces a fluctuating photocurrent within
the bandwidth B. The signal and the variance of the photocurrent after
amplification is given by

I = RGP, (6.6.6)
02 =2¢qIB + 4IRSB.

The variance in Eq. (6.6.7) is the sum of the shot noise and spontaneous-

signal beat noise. All other noise contributions (discussed later) has been

neglected. Thus the SNR at the output is given by
(1)? _ GPu

NR)out = ~—5 =~
(SNRJout o2 45B

(6.6.8)

where the last relation is obtained by neglecting shot noise and assuming
G > 1. The amplifier excess noise figure can then be written as

F =2Ns,,(G—-1)/G
~ 2Ngp. (6.6.9)
The equation shows that for the SNR of the amplifier is degraded by a factor

of 2 (3dB) for the ideal case of Ny, = 1. For most practical amplifiers the
SNR degradation is in the range of 5 to 7dB.
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6.6.1 Noise analysis for optical transmission

The following analysis follows the procedure of Ref. [17]. Assume an optical
amplifier with unity coupling efficiency, uniform gain G, over an optical
bandwidth By, and an input power of P, at optical frequency wy centered
in the optical pass band By.

The spontaneous emission power in the optical bandwidth By is given
by (using Eq. (6.6.4))

Py = Np(G — 1)hwBy. (6.6.10)

Writing the electric field Eg;,, representing the spontaneous emission as sum
of cosine terms:

30/261/
Ep= > \/2Ny(G— Dhwsv

k=(—Bo/26v)

-cos((wo + 2mkdv)t + Py,) (6.6.11)
where & is a random phase for each component of spontaneous emission.
Using

By
Ngp(G —1)hv = Ny and %y M (6.6.12)

the total electric field at the output of the amplifier is

M
E(t) = \/2G Py, cos(wot) + Z vV 2Nyov

k=—M
-cos((wo + 2mkév)t + Dy). (6.6.13)

The photocurrent i(t) generated by a unity quantum efficiency photodetec-
tor is proportional to the intensity. It is given by

— .6.14
o (6.6.14)

where the bar indicates time averaging over optical frequencies. Hence

M
. e de
i(t) = GPny—+ 1 > VGPuNosv
k=—M
2e N
- cos(wot) cos((wo + 2mkdv)t + Dy + eh£51/
M 2
Z cos((wo + 2mkdv)t + @r) | . (6.6.15)

k=—M
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The three terms in (6.6.15) represent, signal, signal-spontaneous beat noise,
and spontaneous-spontaneous beat noise, respectively. Note that the noise
within the electrical bandwidth is important.

The signal-spontaneous beat noise term from Eq. (6.6.15) is given by

fe M
is-sp(t) = 37— > V/GPuNodv
k=—M
- cos(wot) cos((wo + 2mkdv)t + ®y)

M
2e
= E\/Gl-jin]\foéu k_z;M cos(2mkdvt + Oy,) (6.6.16)

where terms ~cos(2wot), which average to zero, have been neglected. For
each frequency, 2rkdv, in (6.6.16), the sum has two components but with
a random phase. Hence, the power spectrum of is_gp () is uniform in the
frequency interval 0 ~ By/2 with a density of

4e? 1
Ns—sp = WGPinNo =l 2
4e?
— 2 PNy (G~ 1)G, (6.6.17)

The spontaneous-spontaneous beat noise term from Eq. (6.6.15) is

2
(51/6[ M

isp—sp(t) = 2Ng— Z cos((wo + 2mkdv)t + Py,)
=M

sve | & l
= 2N0El Z cos(B) Z cos(0;) (6.6.18)

k=—M j=—M

where
Br = (wo + 21kév)t + @, and [ = (wo + 2mjov)t + ;. (6.6.19)

Equation (6.6.18) can be written as

sve o L1 1
isp—sp(t) = 2NOE Z Z §cos(5k - B5) + §COS(ﬂk + 5;).
k=—M j=—M
(6.6.20)
The terms ~cos(fr + ) have frequencies ~2wy and average to zero.
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Rewriting Eq. (6.6.20) gives

Nosve 2M 2M
isp_sp(t) = ;’w > cos((k—j)2mov -t + @ — ®;).  (6.6.21)
k=—0j=0

The dc term is obtained for k = j and there are 2M such terms:
I — %NMMM = Nyp(G — 1)eBy. (6.6.22)

A list of the various terms according to their frequencies is shown below.

frequency # terms
—(2M — 1)év 1
—1v 2M -1
—16v 2M -1
1ov 2M -1
—1v 2M —1
(2M — 1)dv 1

The terms with same absolute frequency but of opposite sign add in phase.
Therefore, the power spectrum of the spontaneous-spontaneous beat noise
extends from 0 to By (Figure 6.6.1), with a triangular shape and a power
density near dc of

4NE6ve? (Bo 1> 1

5, = =2N2 (G —1)*¢*By. (6.6.23)

Nep—sp =
pP—sp 2

Using Eq. (6.6.10) the photocurrent equivalent of the spontaneous emission
power is

Isp — Spe/hy — Nsp(G — ]_)eBo. (6624)

I, may be called the photocurrent equivalent of the spontaneous emission
power. In the following, many of the parameters are defined as photocurrent
equivalents. According to square law detection in the receiver, the received
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signal power is given by
S = (GLMinNous L)? (6.6.25)

where G is the optical gain of the amplifier, L is optical loss between the
amplifier and receiver, I is the photocurrent equivalent of the amplifier
input power defined in the same way as Eq. (6.6.24). The quantities 1,
and 7oyt are amplifier input and output coupling efficiencies.

The noise terms are:

Nihot = 2Beenout L(GIsnin + Isp),
Ns—sp = 4GIS77in77§utIspLQBe/BOa
Nep—sp = (ISPUOHtL)QBe(QBO - BE)/BSa
Ny = I3,

The total noise is given by
Ntot - Nshot + stsp + Nspfsp + Nth (6630)

where Nghot, Ns—sp, Nsp—sp and Nyp are the shot noise, signal-spontaneous
beat noise, spontaneous-spontaneous beat noise and thermal noise respec-
tively. Niot is the total noise. The quantity Iy, is the equivalent thermal
noise induced photocurrent and B, is the electrical bandwidth. The quan-
tity Ngp—sp in Eq. (6.6.28) is obtained by integrating Ng,—_sp(f) from 0

NSP' Sp
A

N . (dc)—
Sp-sp Ny (f) = Niy(d) (By—f) 1B,

~

B B,

e

Figure 6.6.1 Schematic of the spontaneous-spontaneous beat noise spectrum. F' is the
frequency. The dc value Ngp_sp is given by Eq. (6.6.23). The equation for the line is
written above [17].
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to Be and taking the average (per unit bandwidth) of the result as follows:
I

B_e 0 Nsp—sp(f)df' (6'6'31)

Nsp—sp =

For an amplitude modulated signal of average power P, with a 50% duty
cycle and an extinction ratio of r(= I5(1)/15(0)), the photo current equiv-
alents of the input powers for a mark (I5(1)) and a space (I5(0)) are

I;(1) = ePyn2r/(hv(r + 1)), (6.6.32)
I;(0) = ePpn2/(hv(r + 1)) (6.6.33)
using r = I5(1)/I5(0) and (I5(1) + I5(0))/2 = ePn/hv is the average

photocurrent.
The bit-error-rate (BER) is given by [57]

L en(2)
BER = ———p (6.6.34)

where @ is given by
Q SU) = VSO (6.6.35)

T VNt + v/ Neor(0)°

S(1), S(0) and Niot(1), Niot(0) are the signal and total noise for a mark
and space, respectively. A BER of 10™? requires Q = 6.

Some results of the amplifier noise on receiver sensitivity calculations
are now presented. The amplifier parameters are gain (G), noise figure
(Ngp) and optical bandwidth (By). Figure 6.6.2 shows the receiver sen-
sitivity of a receiver with a semiconductor optical amplifier (as a pream-
plifier). The data rate is 5Gb/s. The value of the thermal noise chosen
corresponds to a base receiver sensitivity of —25dBm. At low amplifier
gain, the receiver performance is limited by thermal noise (not by amplifier
noise). Hence the receiver sensitivity increases linearly with amplifier gain.
For high gain, the amplifier noise terms signal-spontaneous beat noise and
spontaneous-spontaneous beat noise becomes dominant and the receiver
sensitivity depend on the optical bandwidth of the amplifier.

Optical preamplifier sensitivity as a function of the spontaneous emis-
sion factor is shown Figure 6.6.3 for various amplifier gains. The optical
bandwidth is 10 A. For low amplifier gains, the dominant effect is from ther-
mal noise, the spontaneous emission power is low and hence the sensitivity
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Figure 6.6.2 Optical preamplifier receiver sensitivity as a function of amplifier gain.
The parameter values used in the calculation are Be = 2.5 GHz, Nsp = 1.4, nin = 0.31,
Nout = 0.26 and A = 1.55 um. The data rate is 5 Gb/s [17].
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Figure 6.6.3 Optical preamplifier sensitivity as a function of spontaneous emission
factor. The parameter values used in the calculation are B = 2.5 GHz, n;, = 0.31,
Tlout =— 0.26 and A = 1.55 nm [17]
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Figure 6.6.4 Power penalty for an in-line amplifier system versus amplifier input power.
The curves are for different optical bandwidths. The parameter values used in the
calculation are B, = 2.5 GHz, n;, = 1.0, Nsp = 1.4, and A = 1.55um [17].

on spontaneous emission factor is low. The reverse is true at high gain,
hence a strong dependence on spontaneous emission factor is observed.

For in-line amplifier applications, the important parameter is power
penalty introduced by the amplifier chain. Power penalty is the amount of
extra input power needed to compensate for the accumulated noise. The re-
sults of a power penalty calculation is shown in Figure 6.6.4. The electrical
bandwidth B, = 2.5 GHz.

6.7 Gain Dynamics

The gain and phase dynamics in a SOA is important for many SOA ap-
plications [58-79]. For example, SOA based Mach-Zehnder interferometers
where two SOA’s are used in a Mach-Zehnder configuration (one in each
arm) is used for optical demultiplexing, optical clock recovery and for pho-
tonic logic systems. The interferometer works on the principle of gain and
phase change imposed on a probe signal in the presence of a series of pulsed
signals. For simplicity, the gain and phase change of a CW probe signal
in the presence of a pulsed signal is considered first. The schematic of an
experiment is shown in Figure 6.7.1 where the wavelength of both the CW
probe beam and that of the pulsed beam are within the gain bandwidth of
the amplifier.

The high power pulsed signal saturates the gain of the amplifier. This
results in a decrease in gain (decrease in transmission) for the CW signal
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Figure 6.7.1 Schematic of a gain recovery (top) and phase recovery (bottom) measure-
ment [68].

following which the gain recovers due to redistribution of carriers and in-
jection current. Thus the gain dynamics is inferred from the measured
transmission of the probe as a function of time. The phase change of the
probe beam as a function of time can be obtained if the SOA is used in
a Mach-Zehnder configuration. Then the output of the Mach-Zehnder is
determined by the phase change in the arm which has the SOA.

For SOA’s with bulk or multi quantum well active region, the mechanism
for gain recovery are current injection, carrier heating and spectral hole
burning. The amplifier is biased with a certain CW current which provides
carriers. Thus the carriers depleted by the pulse is continuously being
replaced by the current carrying carriers. The time scale of this process is
given by the carrier lifetime (7). The quantity 7. decreases with increasing
injected current density. For high current densities it is in the 100 to 200 ps
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range. The carrier heating results from a thermalization of carriers in the
entire energy band following the pulse. This is a fast process occurring in
time scale of ~1ps to ~0.7 ps.

The injected pulse reduces the gain at the photon energy of this pulse,
i.e. in the gain spectrum it burns a hole. The process is known as spectral
hole burning. Following the pulse, the gain spectrum returns to its original
shape through redistribution of carriers. The process is fast occurring in a
time scale of ~0.6 ps to ~0.3ps. The phase recovery is related to the gain
recovery by the a-factor (Eq. (6.3.9)). Separate measurements of gain and
phase recovery have shown different a-factor values are associated with
the three processes. For carrier injection the value of a depends on the
wavelength and it is typically in the range of & ~ 4 to 7. For carrier
heating o ~ 1 and for spectral hole burning o ~ 0. The small a-factor for
fast processes suggest that phase recovery is slower than the gain recovery.
In addition, in order to observe the fast gain recovery, sufficiently short
(~1ps wide) pulses must be used.

The measured gain and phase dynamics of a CW probe signal following
a series of pulses at 10 GHz and 40 GHz is shown in Figure 6.7.2. The phase
dynamics is obtained using an interferometer setup. The fast recovery ob-
served for gain recovery is not present in the phase recovery data. Also, for
higher repetition rate (40 GHz), the gain modulation and phase modulation
produced by the pulses is smaller than that for low repetition rate (10 GHz)
due to shorter recovery time between pulses.

The data of Figure 6.7.2 illustrates the presence of different response
times for gain and phase recovery. The gain recovery following a short pulse
takes place due to several processes. They are: current injection, carrier
heating and spectral hole burning. It may also include carrier relaxation
from higher energy states in a semiconductor layer next to active region.
Since such relaxation times are fast (~1 to 3ps), this layer serves as a
carrier reservoir. The carrier reservoir allows a fast replacement of carriers
depleted by the short pulse [79]. The gain saturation energies for different
pulse widths have been measured. The result is shown in Figure 6.7.3. In
the experiment the optical pulses were obtained from a Ti-sapphire laser.
The pulse repetition rate is 250 KHz. The gain saturation (decrease of gain
with increasing optical power) takes place at lower energy for short pulses.

Fast gain recovery is important for high speed applications of SOA’s.
This is generally achieved by increasing the injection current or by increas-
ing the input optical power. Increasing injection current leads to heating
effects which may not be desirable. Another technique for decreasing the
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Figure 6.7.2 Measured gain and phase dynamics for 10 GHz and 40 Ghz repetition rate.
The amplifier length is 0.75 mm. The pump pulses are 1.6 ps wide with an average power
of 8.4dBm [68].

gain recovery is by injection of an optical signal into the SOA [71-74]. This
optical signal generally has a wavelength shorter than the system operat-
ing wavelength (e.g. 1480nm wavelength light is injected into a 1550 nm
wavelength band SOA). The absorbed optical signal creates carriers in the
conduction and valence band. These carriers relax to the bottom of the
band to replace the carriers depleted by the input pulse. The experiment
setup used for the measurement is shown in Figure 6.7.4. The CW laser
light on which the gain recovery is measured has a wavelength of 1555 nm.

The wavelength of the CW pump light used for gain recovery is 1480 nm
and the mode locked fiber ring laser (MLFRL) which depletes the carriers
operates at a wavelength of 1544nm. The laser produced 3 ps wide pulses
at 2.5 GHz repetition rate. An optical filter is used prior to streak camera
to detect the 1555 nm signal.

The streak measurements of the 1555nm light as a function of time
is shown in Figure 6.7.5 (top traces). The bottom part of Figure 6.7.5
shows the 3-dB gain recovery times plotted as a function of the power
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Figure 6.7.3 Measured gain as a function of output energy for different input pulse
widths. The SOA is 0.55 mm long and the bias current is 200 mA. The inset shows the
autocorrelation traces of the longest (11 ps) and the shortest (0.15 ps) pulses [70].
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Figure 6.7.4 Experimental setup used for gain recovery measurements [71].

of the 1480 nm wavelength light. Gain recovery times ~27 ps is obtained
with 80 mW input power. This method of decreasing the gain recovery
time using a holding beam has been used in several transmission system
demonstrations (see Chapter 8).

The long gain recovery times causes pattern effects when a SOA is used

in an optical system for wavelength conversion, i.e. response of a single
pulse “17, is different from that of a long string of 1’s or 0’s. One way to
examine this is by plotting the eye pattern. Experiments have been carried
out where a 80 Gb/s pulse train is amplified using a SOA with or without
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Figure 6.7.5 (a) Transmitted intensity of 1555 nm signal as a function of time for various
levels of 1480 nm pump. (b) 3-dB gain recovery time plotted as a function of power of
1480 nm pump [71].

holding beam (also known assist light). The amplified output of 80 Gb/s
pattern @ 1555 nm wavelength is found to be much clearer with the holding
beam (10mW @ 1480nm) than in its absence.

6.7.1 Model of gain recovery

The temporal response of the optical gain in a SOA has been previously
derived (Section 6.3). It is rewritten as follows for convenience:
dh h—hg
dt Te

— [exp(h) — 1] P(t,0) (6.7.1)
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where

L
h(t)z/o g(t, z)dz. (6.7.2)

The quantity h(t) is the integrated gain defined earlier, g(z,t) is the
optical gain at a distance z from the input facet, hg is the value of integrated
gain (h) at t = 0, and P(t,0) is the input optical power normalized to the
saturation power. The above equation takes into account only the carrier
lifetime associated with transition from conduction band to valence band.
However, there are other processes such as spectral hole burning and carrier
heating which causes a redistribution of carriers in the conduction band
and hence contribute to the gain recovery process [75-77]. For example,
carriers at higher energy can reach thermal equilibrium fast and in the
process replace the depleted carriers by a fast pulse which results in faster
gain recovery. Two additional gain dynamic equations are introduced to
take into account carrier heating and spectral hole burning effects [76]:

9 0 0
B __gn SR - (B0 o)

ot TSHB TSHB ot ot
0

gom _ Jom  ECH o aP(t2). (6.7.4)
ot TCH TCH

T§I{1B is the spectral hole burning or carrier-carrier scattering rate, while
’7'61_11 is the carrier temperature relaxation rate. esgp and ecp are the non-
linear gain suppression factors due to spectral hole burning and carrier
heating. P(t,z) is the optical power at time ¢ at position z. Using g, as
the gain in Eq. (6.7.2), the corresponding equation for integrated gain (h,)
is given by Eq. (6.7.1). The total gain is given by

Jtotal = Ja + gSHB + gCH- (6.7.5)

The h-function for the spectral hole burning (SHB) and carrier heating
(CH) can be defined as the integral over the amplifier length of the corre-
sponding gain functions. Then the following equations are obtained for the
h-functions [76]:

dhq ha —h
= R [exp(ha + hsup + hCH) - 1]P(t7 O)a (676)

dt Te
dhsup __ hsup _ esup [exp(hq + hsup + hcu) — 1]P(t,0)
dt TSHB  TSHB
B dhg B dhcn

o et (6.7.7)
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d};CH = _hen sc—H[exp(ha + hsup + hcu) — 1]P(t,0). (6.7.8)
t TCH  TCH

The optical gain as a function of time can be numerically solved from
Egs. (6.7.6)—(6.7.8). The calculated gain recovery curves for a SOA is plot-
ted in Figure 6.7.6. The input optical signal was set as a Guassian pulse
train at 10 GHz repetition rate. The full width at half maximum of the
pulse width is 1 ps.

The rest of the parameters used here are [76]: 7. = 150 ps, 7sup = 100 fs,
Ten = 300fs, esup = ecuy = 0.2/Watt [78]. The initial gain at ¢ = 0 is
given by ho = In(200), i.e. total gain = 200 or 23dB. The calculated
gain (value of h) and phase recovery as a function of time following the
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Fhase/P1
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500 520 540 560 580 A00 620
Time (ps)
Figure 6.7.6 (Top) Gain recovery for a 10 GHz, 1 ps wide pulse stream. (Bottom) Phase

recovery for a 10 GHz, 1 ps wide pulse stream, pulse energy = 2.5 pJ for both cases. The
gain plotted above is the value of h.
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pulse is shown in Figure 6.7.6. Note the fast rise time for the gain due
to spectral hole burning and carrier heating are not present in the phase
recovery curves.

The phase recovery is proportional to the gain recovery. The propor-
tionality constant is the a-factor. The « value for spectral hole burning
(SHB) process has been estimated to be ~0, and, for the carrier heating
process (CH), a ~ 1 [76-78]. For the normal band to band transitions
a ~ 5 to 8. The calculation in Figure 6.7.6 uses a = 7 for this process.
Thus although the gain change due to SHB and CH process can be fast,
the associated phase change to an input light is small. Thus, the phase
recovery times are longer than gain recovery times. This is consistent with
the experimental data of Figure 6.7.2.

The calculated response of the gain and phase recovery for 100 GHz
pulses are shown in Figure 6.7.7. The parameters used in the calculation
are the same as that for Figure 6.7.6.

[u} 20 40 &0 80 100 120 140
Tie  (ps)

FPhase/F1

20 40 ] 20 100 1200 140
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ok

Figure 6.7.7 (Top) Gain recovery for a 100 GHz, 1ps wide pulse stream. (Bottom)
Phase recovery for a 10 GHz, 1ps wide pulse stream, pulse energy = 2.5pJ for both
cases. The gain plotted above is the value of h.
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Initially the gain is high because there is no pulse. As the number
of pulses increase with time the average gain decreases and it recovers
between pulses. Note the gain modulation by successive pulses is small
at high speeds. It follows that for a pseudo random input bit stream the
optical gain experienced by a pulse would depend on the history of prior
input pulses, i.e. number of sequential 1’s and 0’s. This would lead to
pattern dependence of the output when the amplifier is used in cross gain
modulation or cross phase modulation applications. It has been suggested
that a carry reservoir (higher band gap layer next to active region) can be
used to enhance the gain recovery rate in semiconductor amplifiers [79].

6.7.2 Quantum dot SOA

The theory of the signal amplification in a quantum dot (QD) SOA has
been developed [80-83]. Current injection in a quantum dot is schematically
shown in Figure 6.7.8. For self-assembled QD’s the dots are immersed in a
wetting layer. The carriers are injected into the wetting layers from which
it makes a fast transfer to the QD.

We assume all the QD’s in SOA are identical and uniform, also there is
only one confined energy level in the conduction and valance band of each
dot. We label the carrier density by IV, in the wetting layer, N;q in the ith
QD and N;pax as the maximum carrier density that ith QD can sustain.
The rate equations for carrier density are given as follows [80, 81]:

dNy, J Ny, N; Ny N;
_J_ 1— _ 6.7.9
dt ed Tw—d ( Nz max) Twr N ; Td—>w7 ( )
Injection

l VWA~ Photon

Figure 6.7.8 Carrier injection model in the conduction band of a quantum dot.
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Nz' NU Nz N; Nz
Nig _ N, (1— )— 4N TgS (6.7.10)

dt Tw—d Ni max Tdr P Td—w

where J is the injection current density, d is the total wetting layer thick-
ness, Tuji 4 is the transition rate between wetting layer and ground state
in QD, 7,,! is the carrier recombination rate in wetting layer, TJiw is the
excitation rate from ground state to wetting layer, Tdf is the recombination
rate in semiconductor dot, and S(t, z) is the optical intensity. We now in-
troduce two additional gain dynamic equations induced by carrier heating
and spectral hole burning effects [75-77]:

O0gsuB JSHB  ESHB Ogcu  Og
- - AS(t 2) — 99\ (6711
ot Tos | smp et (t.2) ot + ot ( )

dgcu gcH ECH
- - — —gtotaIS(tvz)-
ot TCH

(6.7.12)
TCH

T§H1B is the carrier-carrier scattering rate associated with spectral hole burn-
ing (SHB) while 76}11 is the temperature relaxation rate. esgyp and ecy are
the nonlinear gain suppression factors due to carrier heating and spectral
hole burning [76, 77], and g4 is the gain for the QD transition. The total
gain is given by

Jtotal = gd + gsuB + gcH- (6.7.13)

The equation for the intensity S(¢,z) of the CW signal is given by,

oS(t,z)
5 TgS(t, z). (6.7.14)
Solution of (6.7.14) is
S(t,z) = S(t,0)G(t, 2) (6.7.15)

where G(t, z) = exp[h(t)] and h(t) = foz g(t, 2)dz.
Integration of (6.7.15) over z leads to

/Z TgS(t,2")dz" = S(t,2) — S(t,0) = [G(t, z) — 1]S(¢,0). (6.7.16)
0
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The previous set of equations is now transformed into the following tempo-
ral gain forms:

dha _ hw (| ha \_ha
B h

E Tw—d max Tdr
— lexp(hq + hsus + hcu) — 1]5(¢,0), (6.7.17)
dhew  (hin — hy) hay hg
2w _ 1— 7.1
dt Twr Tw—d < hmax ’ (6 ! 8)
dh h €
SHB _ 8B ZSHB foxp(ha + hsup + hen) — 1)5(,0)
dt TSHB  TSHB
dhqg dhcu
e 7.1
dt dt -’ (6.7.19)
dh h
CH _ _"CH_ 6C—H[exp(hal + hsus + hen) — 1]5(t,0)  (6.7.20)
dt TCcH TCH

where hpax is the maximum value of integrated gain:
z
hmax - / a(Nmax - Ntr)dzlv
0

Ny, is the carrier density at transparency, a is the differential gain of SOA,
hin = foz %dz’, esup and ecp are the gain suppression factors due to
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Figure 6.7.9 Calculated optical gain as a function of output optical power for various
injected current densities. The gain decreases at a higher power at higher current density.
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spectral hole burning and carrier heating effect respectively. The phase
change equation is given by

1 1

¢(t) = —5aha(t) — sacuhen(t) (6.7.21)

where « is the linewidth enhancement factor, a ~5 and acyg ~1. In the
QD model used here, the majority of the carriers are injected into the
wetting layer from which they transfer to the QD energy levels. The carrier
relaxation time from the wetting layer to the QD is ~0.5 to 10ps [81].
The wetting layer is populated by the injected current and it serves as a
reservoir of carriers for the QD. Thus with increasing current more carriers
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Figure 6.7.10 Calculated gain and phase change following a 1.5 ps wide, 2 pJ pulse for
two different current densities [83].
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are present for transitions in the QD. This results in increasing saturation
power and faster gain recovery for QD amplifiers.

The calculated results for optical gain as a function of output power
for different injected current densities is shown in Figure 6.7.9. With in-
creasing current density, the saturation power increases. In the calculation,
the parameters are set as follows [81, 82]: 7,4 = 6ps, Twr = 0.21s,
Tdr = O.4ns, Td—w — lonS, TSHB — IOOfS, TCH — 300fS, ESHB — €CH —
0.2/Watt, and, I' = 0.15.

The calculated gain and phase recovery curves following a 1.5 ps wide
pulse with 2 pJ pulse energy for two injected current densities is shown in
Figure 6.7.10. The gain recovers faster at high current density.

QD SOA has a fast gain and phase recovery which makes them suitable
for high speed system applications. The primary reason for the faster re-
sponse of QD semiconductor optical amplifier (SOA) compared to that for
SOA with regular active region is due to the presence of the wetting layer.
The wetting layer serves as a carrier reservoir layer. Carriers depleted by
the injected optical pulse in the QD ground state are replaced by fast carrier
transfer from the wetting layer.
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Chapter 7

Photonic Integrated Circuit
Using Amplifiers

7.1 Introduction

There has been a significant number of developments in the technology of
integration of semiconductor lasers, amplifiers, modulators and other re-
lated devices on the same chip. These chips allow higher levels of function-
ality than that achieved using single devices. The name photonic integrated
circuits (PIC’s) are generally used when all the integrated components are
photonic devices, e.g., lasers, detectors, amplifiers, modulators, and cou-
plers. Several review articles and books have been published on PIC’s [1-6].
A class of PIC’s which use amplifiers are being investigated for photonic
logic systems. The design and performance of these PIC’s are described in
Chapters 9 and 10.

For amplifier applications where the amplifier is integrated with another
photonic device such as a laser it is not necessary to have polarization in-
dependent gain. Since the light from the laser is TE polarized, the param-
eter of importance in this application is high TE gain and high saturation
power. Since multi quantum well (MQW) materials generally have high TE
gain than that for regular double heterostructure material, MQW active re-
gions are generally used for amplifiers which are integrated in a photonic
circuit. The saturation output power, i.e. the power at which the gain
decreases by 3dB from its value at low power is higher for MQW ampli-
fiers. Saturation power of as high as 100 mW has been reported for MQW
amplifiers.

173
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7.2 Integrated Laser and Amplifier

Since MQW amplifier is ideally suited for amplifying the output power
of a semiconductor laser, it is useful to combine the amplifier and laser
on a single chip and thereby produce a compact device with low coupling
losses. MQW amplifiers have been integrated with both distributed feed-
back (DFB) and distributed Bragg reflector (DBR) lasers. The schematic
of such an integrated device with a MQW amplifier integrated with a DBR
laser is shown in Figure 7.2.1. The integrated device has, a laser whose
active region has a band gap of 1.3 pm, a waveguide layer which is present
through out the length of the chip with a band gap of ~1.1 wm, and an
amplifier active region with a band gap of 1.3um. The waveguide layer
couples the laser and the amplifier devices. The grating with a periodicity
of 205 nm provides frequency selective feedback so that the laser emits in a
single frequency. For the structure shown both the laser and the amplifier
have a MQW active region.

The fabrication of a typical similar device involves the following steps.
First a n-InGaAsP waveguide layer (A~1.1 pm InGaAsP, ~0.5 pm thick),
n-InP layer (~0.05 pm thick), a InGaAsP MQW region and a p-InP layer
(~1pm thick), and a p-InGaAs layer (~0.5pm thick) are successively
grown over a n-InP substrate using MOCVD growth technique. The In-
GaAsP MQW region has four InGaAsP active regions (~8nm thick ) and
InP barrier layers (~10nm thick). The thin InP layer serves as a stop etch
layer for wet chemical etching. The active region and the InP stop etch lay-
ers are removed using selective etching using a dielectric mask. The grating
is produced in these regions using wet chemical etching and a phase mask.

AR
COATING
LASER GRATING AMPLIFIER
ELECTRODE ELECTRODE ELECTRODE

Figure 7.2.1 Schematic of a photonic integrated circuit with a distributed Bragg reflec-
tor (DBR) laser and amplifier [7].
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Figure 7.2.2 Power output as a function of laser current of the device shown in
Figure 7.2.1 [7].

The wafer is then fabricated into buried heterostructure devices using an
active stripe definition by etching followed by second MOCVD growth of
current confining layers as described in Chapter 4. This is followed by metal
deposition and cleaving. The cleaved facets are antireflection (AR) and high
reflection (HR) coated using deposition of dielectrics of suitable thickness.
The light vs. current characteristics of the laser with the amplifier driven
at 170 mA is shown in Figure 7.2.2.

Integrated distributed feedback (DFB) laser and amplifier structures are
important because they have low spectral width under modulation [8, 9].
The schematic of such a structure is shown in Figure 7.2.3. The DFB laser
and the amplifier have a MQW active region. Semi-insulating Fe doped
InP layers are used for both current confinement and for isolation of DFB
laser and the amplifier. The DFB laser region has a grating etched under
the active region which provides frequency selective feedback.

For low chirp operation, the laser is modulated with low current
(~5mA) which produces small chirp and the amplifier is used to amplify
the output to the required power levels (~10mW to 30 mW).

Another interesting laser-amplifier integrated device has a series of am-
plifiers connected in tandem with a laser (Figure 7.2.4) [10]. The light is
emitted normal to the chip in this device. The first active region-grating
combination acts as a laser oscillator. A fraction of the output of this laser
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Figure 7.2.3 Schematic of a distributed feedback (DFB) laser and amplifier structure [8].

Normal

Light Output

TTeAmoMerd,. Ouou | Double
Couplar Suparitics Quantum
Refector

Figure 7.2.4 A number of amplifiers and a DBR laser connected in series [10].

propagates along the waveguide and is amplified by the next active region
(amplifier). This propagation continues throughout the chip. The device
emits in a series of beams normal to the grating. The emission is in a single
wavelength and all the emitters emit in phase.

7.3 Multichannel WDM Sources with Amplifiers

An alternative to single channel very high speed (>20 Gb/s) data transmis-
sion for increasing the transmission capacity is multichannel transmission
using wavelength division multiplexing (WDM) technology. In a WDM
system many (4, 8, 16 or 32) wavelengths carrying data are optically multi-
plexed and simultaneously transmitted through a single fiber. The received



Photonic Integrated Circuit Using Amplifiers 177

Amptiher  Anlirgtection
electrode coating

Passive
waveguide
combiner
p layers
Laser 4 Bragg 4
Laser 3 Bragg 3
Laser 2 Bragg 2
Laser 1 Grm i
o layers
§1 blocking layers
MQW stack
n" InP substrate High-reflection coaling

1.3um kp
wavegLide coré

Figure 7.3.1 Schematic of a photonic integrated circuit with multiple lasers for a WDM
source [9].

signal with many wavelengths are optically demultiplexed into separate
channels which are then processed electronically in a conventional form.
Such a WDM system needs transmitters with many lasers at specific wave-
lengths. It is desirable to have all of these laser sources on a single chip for
compactness and ease of fabrication like electronic integrated circuits.

Figure 7.3.1 shows the schematic of a photonic integrated circuit with
multiple lasers for a WDM source [9]. This chip has four individually ad-
dressable DFB lasers, the output of which are combined using a waveguide
based multiplexer. Since the waveguide multiplexer has an optical loss of
~8dB, the output of the chip is further amplified using a semiconductor
amplifier. The laser output in the waveguide is TE polarized and hence an
amplifier with a multi quantum well gain region which has a high saturation
power is integrated in this chip. Many similar devices which use SOA for
output amplification have been fabricated [4, 5].

7.4 Spot Size Conversion (SSC)

A typical amplifier diode has too wide (~30° x 40°) a beam pattern for
good mode matching to a single mode fiber. This results in a loss of power
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Figure 7.4.1 Schematic of a Spot Size Converter (SSC) laser [12].

coupled to the fiber. Thus an amplifier whose output spot size is converted
(SSC) to match an optical fiber is an attractive device for low loss coupling
to the fiber without a lens and for wide alignment tolerances. Several
researchers have reported such devices using lasers [11, 12]. Generally they
involve producing a vertically and laterally tapered waveguide near the
output facet of the laser. The tapering needs to be done in an adiabatic
fashion so as to reduce the scattering losses. The schematic of a spot size
converted laser is shown in Figure 7.4.1.

Similar designs for amplifier are used. The laser is fabricated using
two MOCVD growth steps. The SSC section is about 200 wm long. The
waveguide thickness is narrowed along the cavity from 300 nm in the active
region to ~100nm in the region over the length of the SSC section. The
laser emits near 1.3 pm, has a multi quantum well active region and a laser
section length of 300 pm. Beam divergences of 9° and 10° in the horizontal
and vertical directions have been reported for SSC devices [12].

7.5 Mach-Zehnder Interferometer

Semiconductor optical amplifiers incorporated into Mach-Zehnder interfer-
ometer (MZI) or Michelsen interferometer configurations have been used for
wavelength conversion and to demultiplex high-speed time division multi-
plexed optical signals [13, 14]. The schematic of the device is shown in
Figure 7.5.1.
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Signal In Signal Out

SOA

Figure 7.5.1 Schematic of a Mach-Zehnder interferometer with integrated SOA’s.

The input signal beam is split into two beams by an input y-junction,
which propagate through semiconductor amplifiers positioned in the upper
and lower arms of the interferometer. These beams then merge and interfere
at an output y-junction. The phase of the interference is altered by injecting
another signal in one of the other ports.

The ratio of the output (P,) to the input signal (P;) is given by

Lo _ é {G1 + Gy — 24/ G1Gacos(¢p1 — ¢2)}

P
where G1, G4 are the gains of the amplifiers and ¢, ¢2 are phase changes
induced by nonlinear effects in the two amplifiers. The phase difference,
A¢p = @1 — ¢, at the output is given by

2o= o {2 -1y + o - 1)
where o = dng /dnmy, is the ratio of the carrier induced change in the real
and imaginary part of the index, also known as the linewidth enhancement
factor. P, is the injected power in one of the amplifiers, P is the saturation
power in the amplifier and I, I5 are the currents through the two amplifiers.
For I} =2 I and G1 = G4, the above reduces to

Py _G oA
Pi_ZSm 5

where A¢p = %%(G —1).

Using typical values; a = 3, Ps = 10mW and experimental saturated
gains G = 40, we get P. =2 1mW for A¢ = w. Thus, the optical power
that need to be injected in one of the other ports for m phase shift can

be easily achieved. There may be some thermally induced refractive index
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changes, but these are considerably smaller than the carrier induced changes
considered above and can be ignored. Thus MZI devices operate on the
principle of optically induced phase shift on a carrier signal. The Michelsen
interferometer (MI) operates on a similar principle. Both MZI and MI
devices have been used in wavelength conversion, optical demultiplexing
and photonic logic systems. They are described in detail in Chapters 8
and 9.

The schematic of a MZI device and bonded version of a similar device
used in operation are shown in Figure 7.5.2. The MZI device is fabricated
with tilted waveguides (to reduce residual reflections) at the facets and
beam expanders at input and output for high coupling efficiency to single
mode fibers which are used to couple light to the semiconductor wave-
guides. The devices have long amplifiers (~2 mm long) for high gain/phase
change.

The schematic of a Michelsen interferometer used as an optical demulti-
plexer along with a photograph of an actual device is shown in Figure 7.5.3.
The principle of operation of this device is similar to that for a MZI. The
optical signal is reflected back into the amplifiers in this device which results
in double pass and hence possibly higher speed compared to MZI devices.
This device is also fabricated with tilted waveguides to reduce the effect
of residual reflections. The applications of the semiconductor optical am-
plifier based interferometer devices, such as Mach-Zehnder and Michelsen
interferometers are discussed in Chapters 8-10.

m Amp
" §
— o -.>—/Av

Amp Amp

Figure 7.5.2 Photograph of MZI chip and a schematic of as fabricated device.
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Figure 7.5.3 Schematic and photograph of a Michelsen interferometer device. The
bottom figure shows the configuration for an optical demultiplexer. PC is the polarization
controller and a circulator is used to get the demultiplexed output.
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Chapter 8

Functional Properties and
Applications

8.1 Introduction

Significant advances in research, development and application of semicon-
ductor lasers, amplifiers and modulators have been achieved over the last
two decades. The fiber optic revolution in telecommunications which pro-
vided several orders of magnitude improvement in transmission capacity at
low cost would not have been possible without the development of reliable
semiconductor lasers. Since semiconductor optical amplifier is similar to
a semiconductor laser, many of the initial works on optical amplification
using semiconductor amplifiers have a long history as well [1-9].

The properties of semiconductor optical amplifiers as it relates to am-
plification have been discussed in previous chapters. This chapter will focus
on functional device characteristics of semiconductor amplifiers. The de-
vices are based on four-wave mixing characteristics or gain/phase modula-
tion characteristics in semiconductor amplifier. Their applications include
wavelength conversion for all-optical networks, optical demultiplexing, and
other applications such as clock recovery for optical time division multi-
plexed (OTDM) transmission [10-14].

8.2 Four-Wave Mixing

Semiconductor amplifiers are known for optical nonlinear effects, such as
the four-wave mixing (FWM). FWM in SOA’s has been used as a technique
for performing wavelength conversion due to its good conversion efficiency
and high speed response for wavelength division multiplexing (WDM)
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networks [15-21]. Four-wave mixing (FWM) is a process by which opti-
cal signals at different (but closely spaced) wavelengths mix to produce
new signals at other wavelengths, but with lower power. In the FWM pro-
cess, light at two frequencies, wy and wi, are injected into the amplifier.
These injected signals are generally referred to as pump and probe beams.
The pump and probe beams can be obtained from two single wavelength
distributed feedback (DFB) lasers. The pump signal is of higher power than
the probe signal. Consider the case when both the pump and the probe
signals are CW. Propagation through the SOA results in the generation of
two additional FWM signals with frequencies 2wy — wy and 2w; — wg. The
intensity of light at these wavelengths is measured using a spectrometer.
The FWM signal at frequency 2wy —wy has higher power if the pump signal
strength (at frequency wyp) is higher than that of the probe signal. If Iy and
I; are the intensities of the signals at frequencies wy and wy, the intensities
of the signals at frequencies 2wy — w; and 2w; — wg are proportional to Igl 1
and IoI? respectively.

8.2.1 CW FWM results

An example of the output spectrum from a SOA with a continuous wave
(CW) co-propagating pump and probe signal is shown in Figure 8.2.1. The
pump and probe signals have high intensity. The additional low intensity
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Figure 8.2.1 Spectra of Four Wave Mixing (FWM). The wavelength separation A4
between the pump and probe signal is 2.5 nm.
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signals on the spectrum are due to FWM process. The experiment was
carried out using optical fibers for coupling the pump and probe light into
the SOA waveguide.

The measured FWM signal power as a function of the applied current in
the SOA for two incident signals is shown in Figure 8.2.2. Also plotted is the
measured gain (fiber-to-fiber) as a function of current for the same amplifier.
The data are shown for the FWM signal at a frequency of 2wy — w1 where
wp and wy are the frequencies of the pump and probe respectively.

Another parameter that affects the FWM power is the wavelength sepa-
ration between the pump and the probe signal. The measured FWM power
as a function of this wavelength separation is shown in Figure 8.2.3.
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Figure 8.2.2 Measured FWM signal as a function of current in the SOA. Also shown is
the measured gain of the same SOA for a low input signal.
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Figure 8.2.3 Measured FWM power (circles) as a function of the wavelength separation.
The solid line is the calculated result using typical parameter values.
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Also, shown (solid line) is the calculated curve (described later) us-
ing typical material parameter values. Both the experimental results and
calculation show that the FWM power is high if the wavelength separation
is small. It also shows that the curve is asymmetric viz. for a given Ay =
A1 — Ag, the FWM signal power is higher for Ay > 0 than that for Ay < 0.

The mechanisms responsible for FWM in an SOA are carrier density
modulation and nonlinear gain [15]. The former has a time constant in the
range of 0.1 to 0.5ns and the latter can occur on a much faster time scale
(~5001s) [15]. Generally Ipwn < Io, I3 where Iy and I; are the pump and
the probe power respectively.

8.2.1.1 FWM analysis

In this section the FWM within a SOA is analyzed in detail. The suscep-
tibility x of the semiconductor is a tensor. x also depends on the optical
field intensity in the case of high input power. This could be described by
expanding the susceptibility as a power series in the optical field E:

X = X(l) + X(Q)E + X(3)EE N (8.2.1)

where x(1) is the small signal or linear susceptibility and y(? and ) are
the higher order nonlinear susceptibilities. The third-order susceptibility
x(® gives rise to all the nonlinear effects in a SOA such as four-wave mixing
(FWM) and self-phase modulation. The induced nonlinear polarization due
to x® is expressed as

P=cox®EE-E. (8.2.2)

For the FWM case, the third-order susceptibility comes from the carrier
density modulation due to the beating between the pump and the probe,
so Eq. (8.2.2) is written as [19]

dx(n)
on

P = <00 ni- E (823)
where n; is the modulated carrier density and n > ni;. It has also been
deduced that the susceptibility x(n) is related to the carrier density n by
[19] (see also Eq. (6.2.3))

ne

x(n) = —w—o(a +1i)g(n) (8.2.4)
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where g(n) = a(n — ng) is the gain and 7 is the effective mode index. The
quantity « is the linewidth enhancement factor, which is defined as

o= 2R
_(5711

where ng and njy are respectively the real and the imaginary parts of the

(8.2.5)

refractive index.
In FWM, the beat frequency between the pump and probe is

Wg = wp — Wy. (8.2.6)

It is relatively small compared to wg and wy. The pump beam is generally
more intense than the probe beam, i.e., B3 < Ey. (Ep, E7 correspond to the
electrical field of the pump and probe). The carrier density n is described
by the following rate equation in the semiconductor optical amplifier when
a current [ is applied:

dn 1 n  Dg(n)

E_W Te huj()A

where 7, is the carrier lifetime and A is the cross section of the waveguide

|E|? (8.2.7)

mode. Since typically the length of SOA is less than 5 mm, nearly phase
matching condition is satisfied for the pump and probe beams, then the
total optical field is

E = Eyexp(—iwot) + E1 exp(—iwit) (8.2.8)
SO
|E” = |Eo|* + |E1|* + { Ej E1 expli(wo — w1)t] + c.c} (8.2.9)

where c.c. denotes complex conjugate. It is expected that the carrier den-
sity will be modulated by the beat frequency wg, then we have

n(t) = ns +ny exp(—iwat). (8.2.10)

Since By < Ep, and 715 > ny. Substitute (8.2.9) and (8.2.10) into (8.2.7),
the following is obtained:

1 |Eo|?
“=Tc + — N
N = % (8.2.11)
1+ 152
E} By
—(Nsg — N
py = 107, (8.2.12)
|Eol® _
1+ B~ — WdT,
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where P is the saturation power defined as

P_Ahv

S

= 8.2.13
Tar, ( )

where A is the cross-sectional area of the waveguide mode, I" is the confine-
ment factor, hv is the photon energy of the signal.

By substituting Eqs. (8.2.4) and (8.2.12) into Eq. (8.2.3), the induced
nonlinear polarization due to the beating signal between the pump and the
probe in the SOA is obtained. The optical fields in the SOA satisfy the
Maxwell’s equation

9 n? 0’E 1 %P
VE- Gom T g (8.2.14)
For the FWM process, generally Ipwym < 1 < Iy where Ivwwm, o, 11
are the FWM, the pump and the probe power respectively. Substituting
Eq. (8.2.3) into Eq. (8.2.14) and following procedures similar to those used
in [15], a set of coupled equations are obtained for the electric fields of the
pump, the probe and the FWM beams [16]:

dEy 1
20— Zg(1 —ia)E
dz 2g( i) By,
dE, 1 .
— = —gqg(1 — E 2.1
P o0, (8215)
o= 59(1 —ia)Epwm — §gaE1E§
where
1—ia 1 1—iB 1

o= + -
1+ % —7;27T'fd7'c IS 1_227T'fd7—n In

where FEy, F1 are the electric fields of the pump and probe signals, z is
the distance traveled in the amplifier, f; = fo — f1 is frequency separation
between the pump and the probe. The signals enter the amplifier at z =0
and the amplification length is L. The second term in o is associated with
nonlinear gain [16], it has been added here. The quantities I, I,,, 7., and
T, are the saturation powers and the relaxation time constants for carrier
density modulation and nonlinear gain respectively. The quantity g is the
material gain multiplied by the optical confinement factor, which is given by

9(2) = —2

o 1+ |EOI(SZ)\2
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where go is the unsaturated gain. The quantity « is the linewidth en-
hancement factor and § is the ratio of the real and imaginary parts of the
refractive index change induced by gain nonlinearity. If Ip(0) < Is, the
EZ2/I; term in the denominator of ¢ can be neglected. Also, for g = go,
the equations for Fy and F; are easily solved, and substituting the solution
into the equation for Epwy results:

dErwwm

= AFE — Be®* 8.2.16
dz FWM (& ( )
where
1
A= Zg(1—ia),
1 1 — i 1 1—i3 1
B==g |—— . — 4+~ " . |.1,00)- E.(0), (8217
29 1—4i2m - fate Is+1—i27r-fd7'n I, 0(0)- £(0), )
1

Iy(0) and E7(0) are, respectively, the pump intensity and the field of the
probe at z = 0. Using the boundary condition, Epwm(z = 0) = 0, the
solution of the above is

Erwwu(z) = (e€% — %), (8.2.18)

The FWM power at z = L is

Irwn = Erwm(L) - Epwm (L),
|B|?
Irwn = 2 (@),

where G = €9, is the total gain of the SOA, and f(G) = G® — G.

In the above calculation, the absorption and reflection losses have been
neglected. Although there are other simplifying assumptions, the above
equation is a good approximation. Figure 8.2.3 shows the calculated inten-
sity of FWM signal (Ipywnm-solid curve) using the typical parameter values:
7o = 200ps, 7, = 650fs, Iy = 20mW, I,, = 521, o = 5, § = —2.2 [16],
Iy(0) = 7.5dBm, [;(0) = 4.3dBm and G = 8.0dB. The FWM power is
proportional to the f(G). For G > 5dB, f(G) varies G®. The FWM power
is higher for SOA with high gain, which is consistent with the result shown
in Figure 8.2.2.
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8.2.2 Pulsed FWM results

For certain transmission networks signal add/drop capability is important.
This can be carried out using FWM in a semiconductor amplifier. FWM can
also used for all-optical clock recovery and optical demultiplexing in high
speed transmission systems [17, 18]. For these systems both the pump and
probe signals are pulsed. FWM experiments using pulsed pump and probe
beams derived from gain switched DFB lasers have been reported [19-21].

The propagation of an electromagnetic wave along a traveling wave
semiconductor optical amplifier is described by [19, 20] (also Eqs. (6.2.14)—
(6.2.17))

d9 _go—9g g

=~ T—|E|2, (8.2.19)
OF

5= g(1 +ia)E (8.2.20)

where g(z,t) is the amplifier gain under saturation conditions and go is
the small signal unsaturated gain. The optical field, normalized to the
saturation field, i.e. the field corresponding to the saturation intensity, is
E(z,t). 7. is the carrier lifetime, « is the linewidth enhancement factor,
and t is the time coordinate in the reference frame of the optical field.

The injected pulsed signals (assuming transform-limited Gaussian
pulses) are represented by,

Folt) = Agexp l_% (iﬂ , (8.2.21)

- (“Z‘ﬁ)) ] (8.2.22)

where Ejy is the pump signal at wg, E7 is the probe signal at wq, and ¢ is

Ei(t) = Ay exp

the delay time between the two pulses. For pump and probe pulses with
33ps FWHM, the quantities tg and t; are 20ps. The optical field at the
input facet (z = 0) is

Ein(2=0,t) = Ey + F1 exp(it), Q=w; —wq.

Define an integrated gain h(t fo (z,t)dz, (as in Chapter 6) then the
above equations can be 1ntegrated to yield

dh  ho—nh Ein(0,1)?

N G 1)&) (8.2.23)

dt Te Te
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Eout(L,t) = Ein(0,t) exp { (8.2.24)

__h
2(1 —ia)
where hy = goL with L being the length of the SOA. If the probe signal F;
is much smaller than the pump Ej, then

|Ein(0,1)[° 22 |Eo|* + EjEre™™  and  |Eo|* > |EGE;|
so expressing h(t) as follows:
h(t) = h(t) + Sh(t)e™ with |h(t)| > |0h(t)|

where h(t) = —In[l — (1 — e7m0)eUn®] and Uy (t) = & fjoo |Eo(z)|?dz
then the output optical field of SOA is

Eouw(L,t) = Eo(L,t) + Ey (L, 1)e™" 4 Ey(L, t)e** (8.2.25)

where
Eo(L,t) = exp :2(1 ? m): (14 F_(Q)|E1|*)Eo, (8.2.26)
Ey(L,t) = exp :2(1 ? m): (14 Fy (Q)|Eo|*)Ex, (8.2.27)
Eo(L,t) = exp ﬁ F_(Q)EZE;, (8.2.28)
Fiu(Q) = ol - ia LB e | (8.2.20)

2 |14er|Eol2+iQr. 1+iQn, "

The above equations describe the FWM frequency product, E5, with fre-
quency we = wy — 2 = 2wy — wy. Other products are also created but they
are all much smaller in intensity than Fy and are therefore neglected. The
first term describes FWM due to carrier density pulsations and represents
an exact small signal solution. The second term accounts for the nonlinear
gain effect of an SOA, where K, is the nonlinear gain coefficient.

The calculated FWM pulse amplitude is plotted in Figure 8.2.4 using
the following typical parameter values from references [16, 19-21] — G =
18dB, ty = t; = 21ps, 7. = 200ps, 7, = 0.65ps, Ay = 1548nm, A\ =
1551nm, o = 5, B, = —2.2, K,, = 2 x 1073, Figure 8.2.4 shows the result
of the calculation is consistent with the experimental data. The wavelengths
used in the calculation correspond to wavelengths used in the measurements
in Figure 8.2.4. Results are reported here for an experiment in which the
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Figure 8.2.4 The measured (circles) and calculated (solid line) FWM pulse amplitude
as a function of the temporal position of the probe beam. The peak intensities of the
pump and probe beams in the amplifier are 9mW and 2 mW respectively.

widths (FWHM) of both pump and probe pulses are 33 ps and their repe-
tition rate is 5 GHz. The gain saturation of the SOA takes place only when
there is temporal overlap of the pump and probe pulses in the amplifier. In
the experiment the temporal position of the probe pulse was varied by an
optical delay line. The amplitude of the FWM beam (as measured using a
sampling oscilloscope) as a function of the temporal position of the probe
beam (relative to the pump beam) is shown in Figure 8.2.4. The solid line
is the calculated result using an analysis of FWM using pulsed light input
as described.

The calculated FWM pulse width is shown in Figure 8.2.5. Its value
is nearly equal to 1/v/3 of the input pulse width (expected for a simple
Gaussian model) with a slight modulation by the temporal mismatch of the
input pulses. The measured FWM pulse was also found to be independent
of the temporal mismatch with a value of 19 + 3 ps. The dependence of the
FWM pulse amplitude on the input pump pulse width has been studied.
Figure 8.2.6 shows the calculated FWM pulse amplitude as a function of
time for an input probe pulse width of 33ps. The temporal profile of
the FWM signal is shown as a function of delay between the pump and
probe. The figure shows the FWM conversion efficiency increases when
the input pump pulse width is reduced from 40ps to 10ps. So in the
FWM experiments, shorter optical pulses are preferred in order to increase
conversion efficiency.
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Figure 8.2.5 Calculated FWM pulse width as a function of the temporal position of the
pump pulse. The input pulse width (FWHM) is 33 ps for both the probe and the pump.
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Figure 8.2.6 Calculated FWM pulse amplitude as a function of time for different input
pump pulse widths.

The above analysis has neglected the contribution of ultrafast intraband
dynamics on pulse gain saturation, so it is considered to be valid for optical
pulses longer than 10ps. For shorter pulsewidths, a model of pulsed FWM
based on perturbation theory has been developed where the nonlinear gain
effects including carrier heating and spectral hole burning processes on the
gain saturation are included [22, 23].
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8.2.3 FWM bandwidth

Carrier density modulation and nonlinear gain effects (including dynamic
carrier heating and spectral hole burning) in the semiconductor optical
amplifier contribute to the generation of the FWM signal. When the wave-
length separation Ay between the pump and the probe beams is larger than
1nm, nonlinear gain effects dominate in the generation of FWM. Since the
effective time constant of the nonlinear gain effects is ~0.6 ps [19], which is
significantly faster than the time constant for carrier density modulation,
it has been shown that the bandwidth of the FWM could reach as high as
~1THz [24].

Consider a small modulation signal with angular frequency w,, applied
to the probe beam, the corresponding optical field can be expressed as

E1(2) = [E1(2) + q1(2) exp(—iwmt)] exp(—iw;t) (8.2.30)

where E; is the CW component and ¢; is the modulation component of the
electric field. This modulation signal will be transferred to the pump and
the FWM beams in the semiconductor optical amplifier through nonlinear
interaction. The electric fields of the pump (Ep) and the FWM signal (Ey)
can be similarly expressed as

E{(2) = [Eo(2) + qo(z) exp(—iwmt)] exp(—iwot), (8.2.31)
Ej(2) = [E4(2) + qa(2) exp(—iwmt)] exp(—iwat). (8.2.32)

The subscripts 0, 1,4 refer to the pump, the probe and the FWM beam
respectively. The beat frequency wy has the relationship

Wy = Wo — w1 = Wyq — Wp. (8.2.33)
Assuming the phase matching condition is satisfied, the total optical field is
E(z) = Ej(z) + E{(z) + E}(2). (8.2.34)

In four-wave mixing, generally Ey > E; > E,. Since small modulation
signal is applied to the probe wavelength, we also have E1 > ¢1, Eo > qo,
Ey, > q4, and ¢ > qp ~ q4. The total optical intensity is given by
Eq. (8.2.35). In the right side of Eq. (8.2.35), the first term is averaged
optical power in the SOA, which mainly comes from the pump. The second
term, the beat frequency term between the pump and the probe, which, as
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discussed previously, is responsible for the generation of the CW FWM,

B> = {|Bo(2)* + - } + {2Re[Eg (2) Ex(2) exp(—iwat)] + - -~ }
+ {2Re EO( )q1(2) exp(—i(wa + wm)t)] + - - }. (8.2.35)

The third term comes from the small modulation applied to the probe,
which is responsible for the modulation signal in the FWM and the pump
beams. All other smaller terms are neglected. The carrier density equation
can be similarly written as

N(t) = ng + n1 exp(—iwgt) + ng exp[—i(wq + wm )t (8.2.36)

where iy > n; > ng. 75 and ny are expressed in Eqs. (8.2.10) and
(8.2.12). Substitute Eqs. (8.2.35) and (8.2.36) into the carrier density rate
equation (8.2.7), the following equation for ny is obtained:

(ns _ nO) E]gjlh
|E0\

ny = (8.2.37)

1+ —i(wag + wm)Te

where P; is the gain saturation power. The term ng in (8.2.37) is responsible
for the generation of the small modulation signal ¢4 and ¢y at the FWM and
the pump beams respectively. But Eq. (8.2.37) only includes the mechanism
of carrier density modulation. The nonlinear gain effects in the generation
of the FWM, would add a similar term in Eq. (8.2.37). The equation for
ng is then given by (8.2.38):

—(ny — no) S ~(nx — no) B
No = B [Bol? - (8238)
1+ 5 —i(wa + wm)Tc 14+ 5= —i(wa + wm) T

where the second term of the right side is due to the effects of nonlinear gain
including both spectral hole burning and dynamic carrier heating. For small
signal modulation we have Fy > q1, Fo > qo, E4 > q4, then from the CW
FWM coupled equations (8.2.15), the following set of coupled equations for
q1 and q4 is obtained:

d 1 1

% = 591 —ie)qr + gana(1 — i) By, (8.2.39)
dgy 1 1 1

% = 59(1 —ia)qs + gana(1 —ia) By — Sg0Ejq)

1
- EangaEgEf (8.2.40)
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where o has the same definition as in (8.2.15). Since q1 > qo ~ qu, the effect

of go on g4 is ignored in Eq. (8.2.40). The numerical solution of g4(z,w,)

could be obtained from the coupled Eqgs. (8.2.15) and (8.2.39) and (8.2.40).
The modulation depth at the input probe signal is defined as

_ 2E7(0)q1(0)

m1(0) = . 8.2.41
0= F B0 (5241
The modulation depth at the output FWM beam is defined as
2E;(L)qa(L, wpm,
ma(L,wn) = LA L)L wm) (8.2.42)

Ej(L)E4(L)

So the conversion efficiency of small modulation signal from the probe to
the FWM through the SOA is given by

ma(Lown) _ ’E1<o>q4<L,wm>‘
i (0) Ba(1)1(0)

The calculated FWM efficiency for small signal modulation (n(w.,)) as a
function of the modulation frequency is plotted in Figures 8.2.7 and 8.2.8.
The parameter values used are 7. = 200ps, 7, = 650fs, Ps = 20mW,
P, =50P;, a =5, 8 = —2.2[23, 26-28]. Figure 8.2.7 shows the bandwidth
of FWM increases from 320 GHz to about 1.5 THz when the wavelength sep-
aration between the pump and the probe increases from 0.5nm to 10 nm.
This is because when the wavelength separation Ay = 0.5nm, both carrier

n(wm) = (8.2.43)

1L (a)

Conversion Efficiency (dB)
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Figure 8.2.7 Calculated frequency response of FWM conversion efficiency when
goL = 7. (a) Wavelength difference between the pump and the probe Ay = 0.5 nm, FWM
bandwidth = 320 GHz, (b) A\q = 2.5nm, FWM bandwidth = 460 GHz, (c) Ay = 10 nm,
FWM bandwidth = 1500 GHz. The z-axis is log(base 10) of the modulation frequency
fm in GHz.
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Figure 8.2.8 Calculated frequency response of FWM conversion efficiency when Ay =
2.5nm: (a) goL = 10, FWM bandwidth = 440 GHz, (b) goL = 7, FWM bandwidth =
460 GHz, (c¢) goL = 5, FWM bandwidth = 470 GHz. The z-axis is log(base 10) of the
modulation frequency fn, in GHz. The conversion efficiency (in dB) is on the y-axis.

density modulation and nonlinear gain effects contribute to the signal con-
version from the probe to the FWM beam, while when Ay = 10nm, only
the nonlinear gain effects contribute to the signal conversion.

Figure 8.2.8 shows the frequency response of the FWM conversion effi-
ciency for different goL values, corresponding to different gain of the SOA.
It shows that, although the absolute value of the FWM conversion efficiency
depends strongly on the gain of the SOA, the bandwidth of FWM conver-
sion efficiency decreases slightly when the ggL value is doubled. However,
since the FWM conversion efficiency increases with increasing gain (ap-
proximately as g3) a high gain is necessary for applications, such as for
optical demultiplexing and optical wavelength conversion. Thus for large
wavelength separation between the pump and the probe, where the non-
linear gain effects dominate the generation of the FWM, the bandwidth of
the FWM could exceed 1 THz.

8.3 Cross Gain Modulation

Cross gain modulation (XGM) is a result of gain saturation in SOA. It
occurs when lights of two different wavelengths, a pump and a probe, are
injected into the semiconductor optical amplifier [12, 15, 25-31]. When
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operated under gain saturation conditions, the available optical gain is dis-
tributed between the two wavelengths depending on their relative photon
densities. The changes in the power level of the pump wavelength have an
inverse effect on the gain available to the probe wavelength and results in
data transfer.

The mechanism of cross gain saturation or data transfer is shown in
Figure 8.3.1. When the pump (A2 = 1550.68 nm) is not present, the gain to
the probe wavelength (A = 1552.24nm) is high so that the output power
of the probe is very high (dashed line in Figure 8.3.1). When the pump
(A\2) and probe (A1) are injected into the SOA at the same time, the pump
power is so high that it saturates the gain of the SOA. The available gain
to the probe (A1) will be reduced. So the output power of the probe is
much lower (solid line in Figure 8.3.1). From Figure 8.3.1 it follows, the
compression efficiency is high, more than 50%.

When the power of the pump is modulated with data, the gain of the
probe is also modulated. Thus the output power of the probe is modulated.
This results in transfer of data from pump to probe. Thus wavelength
conversion is achieved.
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Figure 8.3.1 Cross gain saturation between two wavelengths in SOA.
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8.3.1 Rate equations for multiple pulse propagation

The rate equations for the propagation of a single pulse has been derived
previously in Chapter 6. Eqgs. (6.2.14)—(6.2.17). They are rewritten here as
follows:

oP

5, = (9~ )P, (8.3.1)
d¢ 1

99 _ g—go gP

5 = B (8.3.3)

The quantity FEs = 7.Ps, where P; is the saturation power of the amplifier,
go is the small signal mode gain, « is the linewidth enhancement factor.
The quantity g is given by

go =Ta(I7:/qV — no). (8.3.4)

If there are two optical fields at wavelengths, A\; and Ao, injected into
a SOA, Egs. (8.3.1)—(8.3.3) can be expanded to yield the following set of
equations:

0P, ,

9 (9i — aimt) Py 1=1,2 (8.3.5)

0p; 1

9z - _iagu (836)

99;  g9i—goi 9P gD

or . E.: B2 (8.3.7)
gi = Liai(n —ng ). (8.3.8)

The phase of each optical beam depends on the initial phase ¢;(0,7)
and the gain g. After going through the amplifier, the spectrum of each
beam is given by the Fourier transform of the optical field E (Eq. (6.2.5)),

2

Si(w) = /Eei‘"dT

— ‘A\/]_gei¢e—iwoeiw‘rd7_‘2

= /[Pi(LvT)]l/Q'eXP[i¢i(L,T)+i(w—wi)T]dT . i=1,2.

(8.3.9)
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8.3.2 Bandwidth of cross gain modulation

Wavelength conversion at high bit rate needs high bandwidth for the cross
gain modulation phenomenon. A small signal analysis of the above equa-
tions is carried out as follows [30, 31].

Assume that there are only two wavelengths injected into the SOA. In
order to make the following derivations clearer, Egs. (8.3.7) and (8.3.5)
are rewritten using carrier density n instead of gain g noting g = a(n —ng)
where a, ng are the gain coefficient and carrier density at transparency. The
carrier density, n(z,7), and optical power, P(z,7), in the amplifier, evolve
with time as

on I n (n —Ng 1)P1 (TL — n0,2)P2

B . — 8.3.10
or eV 1, Eg1 Eso ' ( )
P; .

aa = [Fai(n — TL()J‘) - aint]Pi; 1= ]., 2 (8311)
z

where [ is the injected current density, V' is the volume of the gain region
of SOA, ny; is transparency carrier density, a; is differential gain coefficient
(i = 1,2), P, is the pump power, and P; is the probe power, aiy is the
internal loss. E;; is the saturation field given by

O'mhwi
E;;= 3.12
o= (8.3.12)

where o, is the active region area and I' is the mode confinement factor.
The quantity I' is assumed to be the same for these two beams. Because
of the small signal modulation, the optical powers may be written as P, =
P; + p; and the carrier density as n = f + 7 denoting the steady-state and
perturbing signals. The following equations for P;, @, p; and 7 are then
obtained:

=——-——(n- —(n— e 3.1
0 d T (n 7L0,1)Eg71 (n n0’2)E372’ (8.3.13)
on __n [(n —mno1)p1 + 1P| (R —no2)p2 + 1]  (8.3.14)
8t Te ES,l ES,Q
OP;
- = [Pai(n — noi) — Qint) P, (8.3.15)
0z
Opi _ _ - 5
= [F(Li (n — TL()J‘) — aint] p; + Ta;nP;. (8316)

0z
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For the case of sinusoidal modulation at angular frequency w:

(7 = no,1) Z + (7 = n0,2) £

n=— .
e +1/7s1 +1/Ts2 + jw

(8.3.17)

At incident facet z = 0, p1(z = 0) = 0. Assuming g = g1 = g2 =
Ta(n —ng) and Fs1 = Egq = Es. We also assume that the CW intensity
of the probe at wavelength A; is smaller than the CW portion of the pump
at wavelength Ao, then the conversion efficiency from pump (A2) to probe
(A1) at position z is given by [30]

exp ( —9% ) - 1' (8.3.18)

Ts,l/Te +1 +jWTs,1

where 7,; is the carrier lifetime due to stimulated emission, which is
defined as

1/7si = P/ Es. (8.3.19)

Figure 8.3.2 is a schematic setup for XGM bandwidth measurement.
Two DFB lasers are used to provide probe beam at wavelength \;, and
pump beam at wavelength A\s. An external LiNbO3 modulator is used to
create a modulated optical signal. The modulation power was ~5dBm.
Laser 1 produces only CW power. The two beams are coupled by a 3dB
coupler, and injected into a SOA after amplification in an erbium doped

Filter
A 3dB '
— T e )
DFB Laser 1 EDFA Isolator
LiNbO3 A2 M
Modulato

1] m ReceiveEj

DFB Laser ZPC
Compute [

Sweep RF
Analyzer

Figure 8.3.2 Experimental setup for cross gain modulation (XGM) bandwidth measure-
ment. PC is polarization controller. SOA is semiconductor Optical Amplifier.
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fiber amplifier. A polarization controller (PC) is used to increase the cou-
pling efficiency. An optical filter is used after the SOA, and only wavelength
A1 is selected. The 3 dB-bandwidth of the filter is 1 nm. The output opti-
cal power at wavelength A; is converted to an electrical signal by a high-
speed photodiode. The spectrum analyzer is used to measure the frequency
response.

Figure 8.3.3 is the measured frequency response of output probe beam
against modulation frequency of the input pump beam. The SOA bias
current is ~200mA. The dots are the experimental results. From CW gain
measurements on the same amplifier the measured saturation power Ps; =
2.5 mW. Using a spontaneous carrier lifetime 7. of ~300ps, the saturation
energy E, = P, x 7. = 5.3 x 10713 J. The optical power of the probe P;
was ~5—6 dBm, then the carrier lifetime due to stimulated emission 75 ; is
~210ps according to Eq. (8.3.19). The small signal gain was ~18, then
gz ~ 2.89. Substituting these numbers into Eq. (8.3.18), the solid line in
Figure 8.3.3 is obtained. The theory matches the experimental results very
well. From the figure, the bandwidth of XGM is about 5 GHz.
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MNormalized Signal Power (dB)
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12 L1 a1 anl L1 a1 anl L1 11111

1 10 100
Modulation Frequency(GHz)

=
it

Figure 8.3.3 Measured frequency response of XGM in SOA. The circles are experimental
data, the solid line is theoretical calculation according to Eq. (8.3.18).
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8.4 Cross Phase Modulation

A cross-phase modulation (XPM) accompanies the cross gain modulation
when two optical signals are simultaneously present in the SOA. An inter-
ferometer configuration can be used to convert the phase modulation to
an intensity modulation. XPM in a semiconductor optical amplifier (SOA)
used in an interferometric configuration has been used for all-optical wave-
length conversion, optical demultiplexing and for optical clock recovery.
The scheme has high conversion efficiency and high signal to noise ratio.

Generally a Mach-Zehnder or Michelsen interferometer configuration
integrated on a single chip is used to convert phase modulation to intensity
modulation.

8.4.1 Mach-Zehnder interferometer

Semiconductor optical amplifiers incorporated into Mach-Zehnder interfer-
ometer (MZI) or Michelsen interferometer configurations have been used for
wavelength conversion and to demultiplex high-speed time division mul-
tiplexed optical signals [10-12, 25-43]. The schematic of the device is
shown in Figure 8.4.1. The input signal beam is split into two beams by a
y-junction at the input. The two beams propagate through semiconductor
amplifiers located in the two arms of the interferometer. These beams then
merge and interfere at an output y-junction.

The phase of the interference is altered by injecting another signal in
one of the other ports. This phenomenon can be used for functional ap-
plications. The ratio of the output signal (P,) to the input signal (F;) is

- SOA
—
. SOA

Figure 8.4.1 Schematic of a Mach-Zehnder interferometer with SOA’s integrated with
waveguides. The device is based on InGaAsP /InP material system.
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given by

P, 1
== {Gl + Gy — 21/G1 G2 cos(ér — @)} (8.4.1)
where G1, G2 are the gains of the amplifiers and ¢, ¢o are phase changes
induced by nonlinear effects in the two amplifiers. The phase difference,
A¢p = @1 — ¢, at the output is given by:

Ap = 201;5 {_h_ey(zl ~ L)+ %(Gl - 1)} (8.4.2)

where « is the linewidth enhancement factor. P. is the injected power in
one of the amplifiers, P; is the saturation power in the amplifier and I, I
are the currents through the two amplifiers. For I; 2 I, and G; 2 G2 = G

Lo ¢ sin? <%> (8.4.3)

the above reduces to

where A¢p = %%(G —1).

Using typical values; « = 3, Ps = 10mW and experimental saturated
gains G = 40, we get P, 2 1mW for A¢ = w. Thus, the optical power
that need to be injected in one of the other ports for m phase shift can
be easily achieved. There may be some thermally induced refractive index
changes, but these are considerably smaller than the carrier induced changes
considered above and can be ignored.

For a stable MZI, the waveguides and SOA’s must be integrated on a sin-
gle substrate of InP. The starting point for MZI device fabrication is a stan-
dard MOVPE-grown n-doped InP base wafer consisting of multi quantum
well (MQW) active (amplifying) layers on top of a passive InGaAsP waveg-
uide core. The quantum wells consist of an optimized compressively /tensile
strained stack to provide polarization independent gain. The quantum wells
are etched away in the passive sections before waveguide formation. For
obtaining low-loss transitions between the active and passive sections, low
confinement to the active region is good. After etching the waveguide pat-
tern, blocking layers consisting of reversed p-n junctions are grown, in which
slots are etched running on top of the active waveguide sections. This is
done to confine current injection to the active regions only. After growth of
the p-doped top cladding layer and contact layer, and metal contact forma-
tion, the wafer is cleaved into bars of devices. The facets are then coated
with a dielectric layer of suitable thickness to suppress reflections.
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8.5 Wavelength Conversion

Semiconductor Optical Amplifiers (SOA’s) have many potential applica-
tions in future all-optical transmission systems. Four wave mixing (FWM)
and cross phase/cross gain modulation in SOA’s has been proposed and
demonstrated as a technique for performing wavelength conversion for wave-
length division multiplexing (WDM) systems [10-14, 25-43].

Wavelength conversion is defined as a process by which data at one wave-
length can be converted to data at another wavelength. Such processes are
important in all-optical networks where a subscriber node is designed to
receive and transmit at one wavelength. The mechanism for wavelength
conversion using SOA include cross gain modulation and cross phase mod-
ulation of two simultaneously propagating signals. For cross phase modula-
tion a Mach-Zehnder modulator fabricated using two SOA’s in each arm is
often used. For wavelength conversion using MZI, a CW signal is injected
into the central port. This signal splits and travels through the two SOA’s.
The two signals undergo a differential phase shift of 7, as a result, there is
no output. The modulated signal is injected into one of the SOA’s. This
changes the phase of the CW signal propagating through this SOA due to
the phenomenon of cross phase modulation, as a result the phase difference
between the CW signals traveling through the two SOA’s is no longer 7 and
an output is observed. The speed of wavelength conversion is determined by
the phase recovery dynamics in the SOA. For long pulses, for all practical
purposes, the phase recovery is limited by carrier recovery time. For short
pulses (<2 ps), carrier heating, and spectral hole burning play a role and the
response is faster than the carrier recovery time as discussed in Chapter 6.
Careful adjustment of peak power of the modulated signal and SOA bias
currents is necessary to get error free performance at high data rates.

Bit error rate curves for conversion of a pseudo random data from
1559 nm to 1568 nm at 10 Gb/s are shown in Figure 8.5.1. When the MZI
is optimized for maximum output extinction ratio (11dB), a wavelength
conversion penalty of 1.6dB is measured at a BER of 1072, The eye dia-
gram in the lower inset of Figure 8.5.1 shows that this penalty is mainly
caused by inter-symbol interference (ISI) due to rather slow gain/phase dy-
namics in the SOA, which is driven with a moderate bias of 100 mA. The
speed increases by adjusting the bias point of the MZI. This reduces the
extinction ratio to 10dB, but significantly enhances the switching speed,
as shown by the eye in the upper inset of Figure 8.5.1. The wavelength
conversion penalty is reduced to 0.5dB.
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Figure 8.5.1 BER curves for conversion from 1559 to 1568 nm, optimized for output
extinction ratio (diamonds, lower eye diagram), and optimized for speed (triangles, upper
eye diagram).

SOA based MZI devices can be operated in a differential mode (see
Sec. 8.6.2) for higher speed wavelength conversion results. The carrier life-
time in a SOA is an important parameter for high speed operation of MZI
devices. The measured lifetimes for various types of SOA devices are shown
in Figure 8.5.2. The times plotted are for 10% to 90% gain recovery. The
data shows that longer amplifiers are good for high data rates. Additional
reduction in gain recovery times can be obtained using a holding beam as
discussed in Chapter 6.
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Figure 8.5.2 Gain recovery times for cross gain modulation in 600, 900, and 1200 pm
long SOA’s, for bias currents up to 200, 300, and 400 mA, respectively. Bias currents are
normalized with respect to the length of the devices in the z-axis of the above figure.
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Wavelength conversion of high speed signals has been demonstrated
using a semiconductor optical amplifier-delayed interferometer (SOA-DI)
combination [44-46]. The delayed interferometer can be formed using bire-
fringent crystals (e.g. calcite), delay loop in waveguides, or a polarization
maintaining fiber.

The experimental set up for a 168 Gb/s wavelength conversion exper-
iment is shown in Figure 8.5.3. The modulated signal and the CW light
(to which the data will be converted) are both injected into the SOA. In
the SOA the data pulses deplete the carriers which produces cross phase
modulation of the CW light. The phase modulated CW light enters the
delayed interferometer in which it splits into two paths (or two polariza-
tions) and propagates in these two paths (or two polarizations) at different
speeds. Thus at the output the two temporally displaced components of the
phase modulated signal interfere producing an output pulse. The duration
of the pulse is determined by the duration of the phase gate produced by
the differential temporal delay between the two paths.

The 168 Gb/s signal is generated by multiplexing 16 times pulses at
10.5 GHz repetition rate from a mode locked fiber laser. The pulse width
is 1.0ps. The pulsed signal wavelength is 1564nm and the CW signal

10.5 GHz
@ ~~~~~~~~~~~~ » PPG

P MLFL MOD f=e{ MUX

168 Gbitfs 1.564 um

10.5 Gbit/s

HI-SMZ > Detection
DEMUX system

168 Gbit's, 1.547 un‘b

>

10.5 GHz, 1.564 pm

Figure 8.5.3 Schematic of a wavelength conversion experiment using SOA-delayed
interferometer [44].
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Figure 8.5.4 Streak camera trace of 1547 nm wavelength converted pulse train [46].

wavelength is 1547nm. The output 168 Gb/s pulses (viewed using a streak
camera) is shown in Figure 8.5.4.

8.6 Optical Demultiplexing

Several reports have been published on optical demultiplexing as applica-
tions of four-wave mixing [47-64] and cross gain/cross phase modulation
[32-43]. Four-wave mixing occurs both in semiconductor optical amplifiers,
and in optical fibers. Four wave mixing in fibers need long fiber lengths. It
does not lead to compact devices and it will not be discussed here.

8.6.1 Four-wave mixing based scheme

A schematic of optical demultiplexing using four-wave mixing (FWM) is
shown Figure 8.6.1. This technique allows any regularly spaced set of bits
to be simultaneously extracted from the incoming data stream using a semi-
conductor optical amplifier (SOA) [32, 47]. Consider the high-speed data
(at a data rate B) at wavelength A; and an optical clock (at a clock rate
B/N) at wavelength A2 injected into an optical amplifier. The output of
the amplifier will include four wave mixing signals at wavelengths 2\; — Ao
and 2X2 — A;. Typically, one of the FWM signals is filtered out using an
optical filter at the exit port of the nonlinear element and represents the
data signal before further processing. Thus, a signal representing the data
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Figure 8.6.1 Schematic of a four-wave mixing based demultiplexer. The four-wave mix-
ing takes place in the semiconductor amplifier (SOA) only when there is a temporal
overlap between the signal and the clock pulse.

every Nth bit time slot (where the mixing occurs with the clock signal) is
generated by the four-wave mixing process (Figure 8.6.1). The clock signal
can then be delayed by 1 additional bit each time to retrieve the original
data in successive time slots as described below or a bit-delayed parallel
system (similar to Figure 8.6.1) could be set up for simultaneous extraction
of N data streams each at B/N data rate.

A complete system would need N SOA elements in order to extract N
data bits simultaneously. The FWM process can have modulation band-
widths as high as 1.5Tb/s (Section 8.2). Thus in principle demultiplexing
from Tb/s optical data is feasible using the FWM process. Optical trans-
mission experiments using FWM is described in Section 8.7.

8.6.2 Cross phase modulation based scheme

Among the semiconductor devices suitable for high speed all optical de-
multiplexing are (i) Mach-Zehnder interferometer (MZI), and (ii) Michelsen
interferometer [10-12]. These devices operate on the principle of a phase
change caused by an incident optical clock signal (cross-phase modulation).
This phase change can be adjusted so that the interferometer only yields
output when a data signal overlaps a clock signal for demultiplexing ap-
plications. The schematic of a MZI device operating as a demultiplexer
is shown in Figure 8.6.2. The input signal beam is split into two beams
by an input y-junction, which propagate through semiconductor amplifiers
positioned in the upper and lower arms of the interferometer. These beams
then merge and interfere at an output y-junction. One of the amplifiers
has the clock pulse incident on it. The clock frequency is 1/N time the
signal bit rate. The clock pulse is absorbed by the amplifier changing its
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Figure 8.6.2 Schematic of a optical amplifier based Mach-Zehnder interferometer. The

clock pulse introduces an additional phase shift in one of the arms of the interferometer
which changes the balance and results in an output.

:

carrier density, which induces an additional phase shift for the signal trav-
eling through that amplifier arm. This changes the output of the device for
every NNth signal bit. The demultiplxed signal appears at the output at the
clock frequency.

The arms of the MZI can be configured with built in phase shifters (or
SOA current can be used as a phase shifter) so that the phase difference for
the high data rate signal propagating through the two arms is 7 (before the
arrival of the clock pulse). Under this condition, the signals propagating
through the two arms interfere destructively, resulting in no output. In
the presence of the clock pulse, an additional 7 phase shift is introduced in
one arm of the interferometer, which results in a nonzero output for every
Nth bit. Similar to case of FWM, a complete system would need N MZI
elements in order to extract N data bits simultaneously. The response
speed, i.e. the signal speed which the MZI can demultiplex is determined
by the phase response time in the SOA.

The device can be made to operate considerably faster using a differen-
tial phase shift scheme which involves introducing a second delayed clock
signal in the other arm of the interferometer. The principle of this operation
is illustrated in Figure 8.6.3. In the delayed pulse approach, the differential
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Figure 8.6.3 Schematic of an optical amplifier based Mach-Zehnder demultiplexer which
uses a differential phase shift scheme. The lower figure shows the principle of operation.
¢1 and ¢o represent the phases produced by the two clock pulse sets one of which
is delayed with respect to the other in the two arms. The phase difference (¢1 — ¢2)
between the two arms occurs for a time of duration 7. This increases the speed capability
of the demultiplexer.
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Figure 8.6.4 Demultiplexing of a 80Gb/s signal to eight 10 Gb/s channels using a
Michelson demultiplexer. Scale = 15ps/div in all traces [47].

phase shift between the two arms is maintained over a short duration (1 bit
period). As a result, a small gate is established for demultiplexing the high-
speed optical time division multiplexed (OTDM) signal. These devices have
been used to demultiplex 80 and 160 Gb/s optical signals to 20 Gb/s signals.

Figure 8.6.4 shows the experimental results of demultiplexing a 80 Gb/s
signal into eight channels at 10Gb/s each [47]. This experiment uti-
lized a Michelsen interferometer which operates on the same principle as
Mach-Zehnder interferometer.

8.7 OTDM System Applications

In an optical time division multiplexing (OTDM) system, the data rates are
high enough that the process of multiplexing (generation of high data rate
signals from several low data rate signals) and demultiplexing (process of
conversion of high data rate signals to several low data rate signals) are car-
ried out optically. Several papers on various aspects of OTDM systems and
all optical processing using optical amplifiers has been published [65-78].
For the demultiplexing process an optical clock (a timing signal) needs to
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be extracted from the incoming high speed (>100 Gb/s optical data). This
clock recovery process has been carried out using cross gain modulation,
cross phase modulation and four-wave mixing [65, 77].

8.7.1 Clock recovery

The schematic of an experimental set up used for clock recovery from high
speed data signals is shown in Figure 8.7.1. The input optical signal and the
local oscillator optical signal produces a four-wave mixing (FWM) signal
at the output of the SOA.

In a transmission system, the timing signal (clock) extracted from the
input optical data is used to demultiplex the data to lower data rate chan-
nels the error rate of which are then measured using traditional electronic
circuits. The clock recovery process could be carried out using an optical
phase locked loop in conjunction with an electrical low frequency phase
locked loop. This is schematically shown in Figure 8.7.1. In this process,
the high data rate optical signals are converted to a low data rate electrical
signal using a four-wave mixing process followed by a photodetector. The
phase and frequency of this electrical signal is locked to that of a voltage
controlled local oscillator using conventional electrical phase locked loop
techniques.

The key to the operation of this optical phase locked loop is the four-
wave mixing optical to electrical converter. It is a semiconductor optical
amplifier which has two optical signal inputs at wavelengths A1 and A>. The
wavelength A1 is the input wavelength carrying data and the wavelength
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Figure 8.7.1 Schematic of a clock recovery diagram used for recovering the clock
from a high speed optical signal using FWM in SOA. The high speed optical input
(at >100 Gb/s) is down converted to a low frequency (at ~1 MHz) electrical signal using
optical to electrical nonlinear down converter. This low frequency signal is phase locked
using a conventional electrical phase locked loop [77].
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Ao is the optical clock generated by a laser at the demultiplexer. The wave-
length \; carries the data at B Gb/s and the wavelength Ay is the optical
clock at a frequency F ~ B/N GHz + f kHz. The four-wave mixing pro-
cess produces an optical signal at a wavelength of 2A\; — Ay. This optical
signal has several electrical components including a low frequency compo-
nent close to N f kHz produced by mixing of the electrical Nth harmonic
of the clock (NF' ~ B+ N f) and the incoming signal at B Gb/s. This low
frequency component in the optical signal is converted to an electrical signal
using an avalanche photodiode, filtered and amplified. This low frequency
electrical signal and the N f kHz signal from a signal generator is used in
a conventional phase locked loop configuration to lock the frequency F' to
B/N. The conventional phase locked loop has a phase detector (electrical
mixer) and a voltage controlled oscillator. A stable optical clock is gener-
ated using a low frequency electrical phase locked loop which would provide
the needed stability, and an optical front end (semiconductor optical am-
plifier) which would convert the high data rate signal to a low frequency
optical signal.

Although this conversion from a high data rate optical signal to a low
frequency optical signal is described above using a four-wave mixing process
it can also be carried out using the gain saturation process in a semicon-
ductor amplifier. In the latter process the clock signal will be an input
and the data signal will be the second input to the amplifier. The gain of
the data signal is influenced by the high power clock signal and this gain
modulation has a component at the Nth harmonic (Nf) of the difference
frequency. The phase variance of a phase locked loop (PLL) fabricated
using the four-wave mixing (FWM) and the gain modulation schemes have
been analyzed [65, 77]. The performance of the gain/phase modulation
scheme is limited by the gain recovery time of the amplifier to ~100Gb/s
using a differential scheme. The FWM scheme can in principle operate at
data rates of ~1Th/s.

8.7.2 OTDM transmission

The schematic of a optical time division multiplexed (OTDM) transmission
setup is shown in Figure 8.7.2.

A stabilized mode locked fiber laser generates short pulses at 10 GHz
repetition rate. The 3.5ps wide pulses are compressed to 0.98 ps pulses
and are coded with data by transmission through a LiNbO3 modulator. It
then goes through a time division multiplexer (TDM) which converts the
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Figure 8.7.2 Schematic of a 400 Gb/s optical transmission experiment setup [77].

data stream to a 400 Gb/s data. The TDM consists of a suitable designed
sequence of optical delay lines. The 400 Gb/s data is transmitted through
various lengths of fiber. The clock is extract from the transmitted data
using four-wave mixing (FWM) in a SOA based clock recovery process.
A mode locked fiber laser operating at 10 GHz, the exact frequency of which
is recovered by phase locking to the received 400 Gb/s data, provides the
optical clock. The demultiplexing in this experiment is carried out using
also a FWM process.

The error rate performance of the demultiplexed lower data rate chan-
nels are shown in Figure 8.7.3. Bit-error-rate of <10~ is obtained suggest-
ing good performance.

Very high speed OTDM transmission systems are now being developed
in several research laboratories for future installment in commercial traffic.
Semiconductor optical amplifiers play a key role in the development of these
systems. They can be used for both optical demultiplexing and optical clock
recovery using either the FWM process or Mach-Zehnder type devices. A
detailed review is given in Ref. [78].

8.7.3 Gain-transparent SOA-switch

The phase change of an input optical signal propagating in a SOA takes
place in the presence of another optical signal within the gain or absorption
spectrum. The phase change is due to carrier density induced change in
index. Thus the signal on which the phase change is induced does not need
to be within the gain spectrum of the amplifier. This is basis of a gain
transparent SOA-switch where the switching is induced by control pulses
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Figure 8.7.3 Measured bit-error-rate (BER) results at 10 Gb/s after demultiplexing of
the 400 Gb/s data into 40 10 Gb/s data channels. The baseline is the BER data after
the modulator. The three other lines are the data after transmission through ~10m
(labeled Okm in the figure), 16 km and 40 km of fiber [77].

within the SOA gain spectrum on pulses at longer wavelengths which are
neither absorbed nor experience gain in SOA.

Figure 8.7.4 shows schematically the gain-transparent (GT) SOA-switch
in a hybrid Sagnac-interferometer configuration. A data signal at 1.55 wm
and a control signal at 1.3 wm are coupled into the switch. The key element
in the switch is a polarization insensitive 1.3 um MQW-SOA. The fiber-to-
fiber gain of SOA is 30dB (at 1310 nm and 400-mA injection current). The
figure also shows a schematic spectrum of the amplified spontaneous emis-
sion (ASE) or the gain of the SOA with spectra of the control and the
data signals. To achieve the desired switching function, the SOA is placed
slightly asymmetrically (about 5 ps off the center) in the fiber loop. Thus
the data pulses, which are split by the 3-dB coupler at the interferometer
input, propagate through the SOA with a temporal delay. Whenever a con-
trol pulse changes the refractive index of the SOA in the time slot between
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Figure 8.7.4 GT SOA-switch in Sagnac-interferometer configuration [79].

the data pulses, the data pulses are switched to a particular output port
(for example the demux port in Figure 8.7.4). In contrast to a conventional
nonlinear interferometric switch, the data signal is far off the gain and the
ASE maximum of the SOA. Thus, the data experiences a negligible am-
plitude change and only extremely low noise is added. This is due to the
fact that the data pulse wavelength is significantly lower than the band gap
of the semiconductor material. However, a significant phase change of the
data signal (around 1.55pm), induced by the control signal at 1.3 pm is
observed. This is in agreement with results reported in [9] where a 1.3-pm
SOA in one branch of a Mach-Zehnder interferometer was used for all-
optical 1.3 pm to 1.55 wm wavelength conversion. The, advantages of this
switch are: (i) high linearity with respect to the data signal input power and
therefore low crosstalk, since the influence of the data signal on the SOA
gain and refractive index is negligible; (ii) low noise figure, since there is
negligible ASE at the signal wavelength; (iii) wide signal wavelength range,
since gain and phase dispersion are low in the signal band; and (iv) neg-
ligible intensity modulation of the transmitted data signal, since the gain
change in the signal band negligible. GT-SOA switch has high linear and
large bandwidth. In addition, the nonswitched data pulses are transmitted
without distortion by the switching process.
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Chapter 9

Optical Logic Operations

9.1 Introduction

All-optical signal processing is expected to become increasingly important
in future ultrahigh capacity telecommunication networks. Optical commu-
nications systems with per channel capacity of ~40 Gb/s are commercially
available today, and the capacity has been pushed to several hundreds Gb/s
in research laboratories [1]. The development of all-optical logic technol-
ogy is important for a wide range of applications in all-optical networks,
including high speed all-optical packet routing, and optical encryption. An
important step in the development of this technology is a demonstration of
optical logic elements and circuits, which can also operate at high speeds.
These logic elements include the traditional Boolean logic functions such
as XOR, OR, AND, INVERT, etc., and circuits such as parity checker, all-
optical adder and shift register. Several articles on principles of all-optical
logic have been published [2-29]. All-optical logic schemes were recognized
as a possibility in the early nonlinear optics studies. This was followed by
initial work using nonlinear waveguides. Semiconductor optical amplifiers
(SOA’s) exhibit nonlinearity in its gain and phase response to input optical
signals as described in Chapters 6 and 8. This property is used to construct
optical logic gates using SOA’s. The all-optical Boolean operations using
semiconductor optical amplifier based devices are described in this chapter.

9.2 Optical Logic XOR
It is believed that an ultrafast all-optical exclusive OR (XOR) logic gate
is an important component in OTDM communication networks. Its truth

table is shown in Table 9.2.1. It can be used in all-optical signal processing
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Table 9.2.1 Truth table of XOR.

Data B Data A Output XOR

= o = O
== O O
O = = O

such as bit pattern matching [30], pseudo random number generation [31]
and label swapping [32].

As is the case of electronic logic gates, all-optical logic gates funda-
mentally rely on nonlinearities [33]. So far, methods utilizing the nonlin-
earities of optical fiber [30, 34] and semiconductor optical amplifier (SOA)
[35-37] have been used to demonstrate all-optical XOR functionality. The
all-optical logic gate based on the nonlinearities of optical fiber has the
potential of operating at terabits per second due to very short relaxation
times (<100 fs) of its nonlinearity. The disadvantages of optical fiber are its
weak nonlinearity, and the long interaction lengths or high control energy
is required to achieve reasonable switching efficiency.

Semiconductor optical amplifier has the advantages of high nonlinearity
and ease of integration. All-optical logic XOR has been demonstrated using
several methods [35-48]. They are, SOA-based Mach-Zehnder interferom-
eter (SOA-MZI) [37, 49-51], semiconductor optical amplifier (SOA) loop
mirror (SLALOM) [35], ultrafast nonlinear interferometer (UNI) [36, 47,
48], Sagnac interferometer [42], and other configurations including Terahertz
Optical Asymmetric Demultiplexer (TOAD) [38, 43-46]. Also XOR by Four-
Wave Mixing in SOA with RZ-DPSK modulated inputs [39, 40] and XOR
optical gate based on Cross-Polarization Modulation in SOA have been stud-
ied [41]. SOA based Mach-Zehnder interferometer has been discussed in
previous chapters for wavelength conversion and optical demultiplexing.

9.2.1 XOR using SOA-MZI

Among the schemes stated above, the SOA-based Mach-Zehnder Inter-
ferometer (SOA-MZI) is the most promising candidate due to its attractive
features of low energy requirement, low latency, high stability and com-
pactness. This makes SOA-MZI suitable for producing complex photonic
logic circuits such as shift registers.

The optical XOR gate with SOA-MZI consists of a symmetrical MZI
with two SOA’s placed in upper and lower arms of the interferometer as
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Pulse Train A

Output
CW or Pulsed
Signal

Pulse Train B

Figure 9.2.1 Schematic setup of the XOR gate.

shown in Figure 9.2.1. To perform the XOR function as shown in the truth
table, two optical control beams A and B are injected into the two arms
separately. The signal, a clock stream of continuous series of “1”’s or a CW
beam is split into two equal parts and injected into the two SOA’s. Initially
the MZI is unbalanced, i.e. when A = 0 and B = 0, the signal at port 2
traveling through the two arms of the SOA acquires a phase difference of
7 when it recombines at the output port, thus the output is “0”. When
A =1, B =0, the signal traveling through the arm with signal A acquires a
phase change due to the cross phase modulation (XPM) between the pulse
train A and signal, and the signal traveling through the lower arm does
not have this additional phase change. This results in an output “1”. The
same phenomenon happens if A = 0 and B = 1. However, when A =1 and
B = 1 the phase change for the signal traveling both arms are equal, hence
the output is “0”. When the phase shift is optimum, the best contrast
ratio is achieved at the output port. Figure 9.2.2 shows the schematic of a
SOA-based MZI.

Figure 9.2.3 shows the results of the all-optical XOR logical gate op-
eration. The top figure shows the results of a 20 Gb/s pattern and the
bottom figure shows the results of a 40 Gb/s pattern. Figures 9.2.3(a)

i

Figure 9.2.2 Schematic of a Mach-Zehnder interferometer (MZI) with SOA in each
arm. The MMI (multimode interference) couplers are used to couple the light into two
waveguides. The phase shifters are needed to balance the phase difference between the
two arms. The waveguides are angled at the facet to reduce the effect of reflections from
the facet.
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Figure 9.2.3 Top figure is for 20 Gb/s pattern and the lower figure is for 40 Gb/s pattern.
(a) Input data A, (b) input data B, (c) XOR output [51].
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and 9.2.3(b) show the control signal A, “11001100...” and its 1 bit period
delayed control signal B, “10011001”. The final XOR result is clearly seen
in Figure 9.2.3(c). However, the XOR output pulse is broad and pattern
dependent, which is due to the long carrier recovery time of SOA in the
SOA-MZI, and it is measured to be ~150ps in this experiment for the
40 Gb/s case when the SOA’s are operated at high current.

For laboratory experiments, the pulse trains are created using typical
pulsed sources such as gain switched distributed feedback lasers or mode
locked semiconductor or fiber lasers followed by optical multiplexing.

An efficient method to overcome the limitation imposed by long car-
rier lifetime is realized by using differential phase modulation scheme
[50, 51]. With differential phase modulation scheme, ultrahigh speed
(>100 Gb/s) all-optical processing, such as wavelength conversion, and all-
optical demultiplexing [see Chapter 8] has been demonstrated with SOA-
based interferometer.

A schematic diagram of the SOA-MZI and an illustration detailing the
principle of operation as an XOR gate with differential phase modulation
scheme are shown in Figure 9.2.4. As in Figure 9.2.4(a), the two input data
streams, at wavelength A; and Ag respectively, are combined as follows
before they are coupled into ports 1 and 2 of the MZI: in port 1, data A
is 7-ps ahead of data B, while in port 2, data B is 7-ps ahead of data A.
The continuous wave (CW) light at Axor is coupled into port 3. In the
MZI, the combined data signals are launched into the two SOA’s where they
modulate the gain of the SOA’s and thereby the phase of the co-propagating
CW signal. At the output of the MZI, the CW light from the two SOA’s
interferes. When data A and B are different, for example, A is “1”, and
B is “0”; the phase change of CW light on the lower branch is induced
first and the switching window opens, after 7-ps, when the phase change
of CW light on the upper branch is induced, the phase difference resets
and the switching window closes, a pulse at wavelength Axor is generated,
therefore, the output of the MZI becomes “1”. When data A and B are
the same, that is, both are “1” or “0”, the phase change of CW light on
the lower branch is the same as that on the upper branch, there is no light
at wavelength Axor generated, therefore, the output of the MZI becomes
“0”. The duration of the phase difference is determined by the delay 7
and not by the gain recovery time of the SOA. This results in higher speed
for differential operation. Other effective methods of decreasing the gain
recovery time such as the external injection have been reported [52-54].
This is discussed in detail in Chapter 6.
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Figure 9.2.4 Schematic diagram of SOA-MZI, illustration of XOR operation with dif-
ferential phase scheme and truth table. (a) Schematic diagram of SOA-MZI as XOR
gate. (b) Ilustration detailing principle of XOR operation with differential phase scheme:
(i) data A, (ii) data B, (iii) combined signal at port 1, (iv) combined signal at port 2,
(v) phase change of CW light in SOAIL, (vi) phase change of CW light in SOA2,
(vii) wavelength converted XOR output.
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IS

SOA-MZI
3 BPF

Oscilloscope

Figure 9.2.5 Experimental setup of the differential phase modulation scheme PC-
polarization controller, ODL-optical delay line, EDFA-Erbium doped fiber amplifier,
50/50-3 dB coupler, BPF-band pass filter [51].

Figure 9.2.5 shows the experimental setup for differential XOR. opera-
tion. Two full duty cycle data signals are produced from two gain switched
DFB lasers, DFB1 and DFB2, which were driven from a synthesized signal
generator with a microwave variable phase shifter inserted to delay their
signals. The wavelength of DFB1 is 1545nm and the wavelength of DFB2
is 1550 nm. Different wavelengths are used for DFB1 and DFB2 so as to
avoid interferometric crosstalk that could degrade the performance. At
10 GHz, both pulse widths are 35ps. The pulses from the DFB lasers are
compressed to ~7ps using a high dispersion fiber. The two signals are
combined with a passive multiplexer (see Figure 9.2.5). The timing of all
the signals are appropriately adjusted and optimized to enable differential
operation. Figure 9.2.6 shows the result for 20 Gb/s (all 1’s) operation. All
the delays are optimized to obtain the data as shown in Figure 9.2.6.

9.2.1.1 Simulation

As shown in Figures 9.2.1 and 9.2.4, the CW light P,, is divided and intro-
duced via a 50:50 coupler into the two arms of the MZI.

In the MZI, the control signals are launched into the two SOA’s where
they modulate the gain of the SOA’s and thereby the phase of the co-
propagating CW signal. At the output of the MZI, the CW light from the
two SOA’s interfere and the XOR output intensity can be described by the
following basic interferometric equations [51]:

P

Pxor(t) = 1

{610+ Ga(t) = 2/ G (1) cosln (1) — (1)}
(9.2.1)
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Figure 9.2.6 Output XOR experimental results all (1’s): (a) A=0,B=0; (b) A=1,
B=0;(c) A=0,B=1; (d) A=1, B=1. Rate = 20 Gb/s [51].
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in which, Gy 2(t) is time dependent gain and ¢ 2(t) is phase shift in the
two arms of SOA-MZI. The phase shift ¢1 2(¢) is related to the gain G4 2(t)
by the linewidth enhancement factor v and is given by [55]:

(0% Gl (t)
t)—a(t) = —=1 . 2.2
o) = oalt) = -1 (10 9.2.2)
The time dependent gain of the SOA satisfies the dynamical equation [51,

see also Chapter 8, exp(h) is the total gain (G)]:

dln(GLQ(t)) . lnGo — hlGLQ (t) _ P172(t)
dt n Te Esat

(Gra()—1)  (9.2.3)

where 7. is the spontaneous carrier lifetime, G is the unsaturated power
gain and FEg,, is the saturation energy of the SOA. Pj o(t) is the instanta-
neous optical power inside the SOA1 and SOA2. Scheme 1 (non-differential)
is considered first. In the scheme 1, data A is coupled into SOA1 and data B
is coupled into SOA2, so P; o(t) can be expressed as follows:

PLQ(t) = PA7B(t) + Pcw/2. (924)

In simulation, the data stream pulse is assumed to be a Gaussian pulse
with a FWHM (full width at half maximum) pulse width of 1/8 bit period,
e.g. TewuM = 1'/8. The pulse train can then be written as

R 2v/In 2P, 41n2 (t — nT)?
Py p(t Z anA,B 12 exp (—M> (9.2.5)

2
e oo \/_ TTFWHM TRWHM

where Py is the single pulse energy, a,a,p represents the nth data in data
stream A and B, apa,5 =1 or 0.

Figure 9.2.7 shows the calculated phase shift induced on a CW beam
by a series of pulses. For a SOA-based interferometric device, output
pulse amplitude is decided by the maximum phase shift ¢ (as shown in
Figure 9.2.7(a)) induced by the control pulse. Figure 9.2.7(b) shows the
relation between phase shift in one arm of the SOA-MZI and single pulse
energy Py for different repetition rate, the parameters of the SOA are chosen
as following, Gy = 1000 and a = 7. From Figure 9.2.7 we can see, the phase
shift increases with increasing the single pulse energy, and it decreases with
increasing control pulse rate. Phase shift of 7 can be easily achieved when
bit rate is low, e.g. single pulse energy Py = 0.0025E,; can induce a phase
shift of 7 when bit period is same as carrier recovery time (T = 7).
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Figure 9.2.7 Phase shift in one arm of the SOA-MZI induced by control signal (all “1”’s)
pulses. (Top) Evolution of the optical phase of the CW light. (Bottom) Relationship
between maximum phase shift ¢ and single control pulse energy Py in units of Fsat for
different repetition rate: (i) T' = 7., (ii) T = 7¢/2, (iii)) T = 7. /4, (iv) T = 7./10.

In the high bit rate case, however, the phase shift becomes saturated
with increasing Py, e.g. when T' = 0.17,, the phase shift becomes saturated
when Py is larger than 0.01Fs,;, and the phase shift is only 7/3. For an
interferometric device, such as the MZI, the larger phase shift produces
larger output signal.

Figure 9.2.8 shows the output XOR of the SOA-MZI when a bit se-
quence is used in data stream A and data stream B at bit rate of 1/7,
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Figure 9.2.8 Sequence of XOR logic pattern produced at the output of SOA-MZI as a
response to PRBS input at bit period T' = 1/7.. CW input power is 0.02Psat, and the
single pulse energy is 0.0025FEsat .

Py = 0.0025E, and Pow = 0.01Puut(Paat = Esat/7c). It is clearly seen
that the output XOR pulse is broader than the input signal pulse, and
there is pattern effects. A deeper insight in the performance of the XOR
logic can be gained by displaying the superposition of the output (XOR)
generated by a long sequence of different patterns of A and B signals. These
diagrams resemble the “classical” eye diagrams, but they are not as informa-
tive in the sense that degrading effects, normally observed in point-to-point
communication links, such as noise sources added by the detector, optical
fiber, etc. are absent. Nevertheless, these diagrams, which will be called
“pseudo-eye-diagrams” (PED’s) [56], are useful because major features of
the operational principle of the MZI device become evident. Following [56,
57], quality factor
P — P()

Q= P (9.2.6)
has been calculated in the diagrams to simplify the interpretation of the
results where P;(FPp) and o1(0g) are respectively, the average power and
standard deviation of the XOR output 1s (0s).

Figure 9.2.9 presents the simulated PED’s of a “1”in the XOR output
for 127 bit (27-1) pseudorandom sequence of input pulses. The XOR output
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Figure 9.2.9 Simulated XOR output for different bit rates for non-differential scheme.
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at bit rates of 1/7., 2/7., and 4/7, are shown where 7, is the gain recovery
time. @Q value decreases with increasing data bit rate, and the eye is closed
at a bit rate of 4/7.. In the simulation, the single pulse energy is chosen as
0.01E4at for the bit rate of 2/7. and 4/7. because the phase shift becomes
saturated when Py > 0.01FEg,;. For better performance of XOR in SOA-
MZI, one method is to increase the power of the CW beam, so as to reduce
carrier recovery time [52-54]. The relation between @ value and CW beam
power Pow is shown in Figure 9.2.10. It shows, @ value increases with
increasing Pow. Increasing « values increases the @) factor since it increases
the phase change and hence the output power.

For the differential scheme, the two input data streams at wavelength
A1 and Ay respectively, are combined as follows before being coupled into
ports 1 and 2 of the MZI. In port 1, data A is 7-ps ahead of data B, while
in port 2, data B is 7-ps ahead of data A. P; 5(f) can be expressed as

P4(t) + Pp(t — 1) + Pow

Pi(t) = - (9.2.7a)
Po(t) = Pa(t—7) + 53(75) + Pew (9.2.7h)

In the simulation delay 7 is chosen so that maximum phase shift can
be achieved when data A = 1 and data B = 0. Figure 9.2.11 presents the
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Figure 9.2.10 The relation between @ value and CW beam intensity Pcw. Po =

0.01Esat [Jand 4 are with non-differential scheme, (1— T = 0.57., ¢ — T = 0.257.. +, ®
and A are with differential scheme, + — T = 0.57c, — T = 0.257.,A — T = 0.17. [51].
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simulated PED’s of the XOR output at bit rates of 2/7., 4/7., and 10/7.
Unlike the output pulse in non-differential scheme which has a long tail,
the output in the differential scheme is like a Gaussian pulse, and the pulse
width is only a fraction of the bit period. Also, the eye is clearly open even
at bit rate of 10/7e.

A comparison of Figures 9.2.9 and 9.2.11 shows that for the non-
differential scheme, all-optical logic XOR in a symmetric SOA-MZI cannot
be operated at the bit rate larger than 2/7., while it can be operated up
to 4/7, in the differential phase modulation scheme. If the carrier recovery
time 7, is less than 40 ps, one can conclude that all-optical logic XOR in a
symmetric SOA-MZI can be operated up to 100 Gb/s with the differential
phase modulation scheme. The primary reason for higher speed in differen-
tial operation is that the duration of the phase difference is determined by
the delay 7 (between the input signals) and not by the gain recovery time
of the SOA. This results in higher speed for differential operation. As has
been identified through simulation that differential scheme allows higher
speed compared to non-differential scheme for the same gain recovery time.
However, the differential schemes may be more difficult to implement in
larger circuits such as parity checkers and shift registers and thus methods
of reducing gain recovery times in SOA are important.

9.2.2 XOR using semiconductor optical amplifier-assisted
fiber Sagnac gate

A fiber Sagnac gate consists of a SOA placed in a fiber loop. The pulse
injected in the loop travels in both clockwise and counterclockwise direc-
tions. The SOA is located asymmetrically in the loop, i.e. the clockwise and
counterclockwise pulses arrive at the SOA at slightly different times. The
gate utilizes the differential phase change between the two counter propa-
gating signal pulses [42]. This phase change is imposed on them by their
nonlinear interaction with the temporally synchronized control pulses A, B
in the SOA and is due to the rapid carrier depletion in the presence of one
or two control pulses. Crucial to the operation of the device is the position
of the SOA with respect to the center of the loop. This has to be asymmet-
rically placed, so that the two counter-propagating pulses can experience
a differential phase change as only one of them interacts with the control
pulse in the SOA. In the absence of any control pulses the gate is reflective
and the input signal exits through the same port where they enter (port R).
When pulse A is present, a phase shift is observed by the signal pulse at the
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SOA. This phase shift is due to the carrier density change caused by input
pulse A in the SOA. This phase shift results in a transmission of the signal
at port T, i.e. the gate becomes transmissive. Thus when either pulse A
or B is present, the gate becomes transmissive (port T) and if both A and B
are present it becomes reflective again (port R). Figure 9.2.12 shows the
experimental configuration. The Sagnac interferometer gate with SOA has

5 GHz 9 ps
LD1 source,
1533.1 hm

Microwave
phase shifter

PBS 1 PBS 2

5 GHz Signal
Generator

5 GHz 9 ps T\
L

LD2Z source,
1548.8 nm

Figure 9.2.12 Experimental setup for fiber Sagnac gate [42].
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a 3-dB polarization preserving coupler. This coupler is used for injecting
the clock signal. The optical logical inputs A and B are also inserted in the
loop using two optical fiber based polarization beam splitters/combiners
PBS1 and PBS2. Since the SOA gain is polarization dependent, polariza-
tion controllers are used at its input and output for optimum control. A
variable optical delay line was introduced in the loop to adjust the temporal
position of the SOA with respect to the center of the loop. The scheme can
be implemented using either a CW signal (on which the phase change due
to the pulsed inputs A and B are imposed) or using a pulsed signal.

9.2.3 XOR using terahertz optical asymmetric
demultiplexer (TOAD)

The Terahertz Optical Asymmetric Demultiplexer (TOAD, Figure 9.2.13)
is an interferometric device which consists of an optical loop mirror, with an
internal optical nonlinear element (NLE) such as a semiconductor optical
amplifier [43]. The operating principle of TOAD is similar to that of a
fiber Sagnac gate. A signal pulse enters the loop through the main coupler
and produces two pulses in the loop, a clockwise (CW) propagating pulse
and a counterclockwise (CCW) propagating pulse. As they transverse the
loop, the pulses passes through the NLE once, then they return to the main
coupler at the same time.

Figure 9.2.13 Simplified schematic of the TOAD [43].
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A control pulse is injected into the loop via the intra-loop coupler. It
passes once through the NLE, then exits the loop. The control pulse has
sufficient energy to significantly modify the optical properties in the NLE.
When the control pulse is temperally separated (i.e. far ahead or behind
both CW and CCW pulses) the CW and CCW pulses will interfere de-
structively at the main coupler, and the output is zero. If the CW pulse
passes through the NLE when the appropriate transition (of a certain prop-
erty such as phase change) due to the control pulse occurs and the CCW
pulse does not experience this phase change, the pulses interfere due to the
phase difference, thus the output of TOAD becomes one. Thus the control
pulse injected into the loop produces a switching gate. If there are two sets
of control pulses which follow each other, two sets of gates which appears
sequentially may be produced. The nature of the output depends on the
relative temporal position of the switching pulses and the CW and CCW
pulses in the loop. This is shown in Figure 9.2.14.

A good XOR gate can be created by using two switching pulses A and B
(which would form two switching gates) to logically form the output in a
single gate by exploiting the fast gain recovery time of the SOA (~80ps) in
the TOAD [47] and by using a relatively wide switching window (~130 ps).
If the switching window is larger than the gain recovery of the SOA then it is
possible to create two temporal conditions to achieve switching as shown in
Figure 9.2.14. One of the conditions (Figure 9.2.14(b)) is the normal TOAD
operation where the switching pulse is timed to arrive in between the signal
pulses in the loop. However, due to the fast gain recovery of the SOA there
is also a switching condition (Figure 9.2.14(a)) where the switching pulse
arrives before either of the counter-propagating loop signal pulses. These
two pulses then experience a differential phase shift as the gain of the SOA
recovers, as used in the SLALOM [35]. If the switching pulses (A and B)
arrives in the switching conditions, shown in Figure 9.2.14(c), then there is
almost no differential phase shift between the loop signal pulses and hence
the output is “0”. If either A or B control pulse is imposed, the condition
shown in 9.2.14(a) or 9.2.14(b) takes place and the output is “1” as for a
demultiplexer.

This XOR technique is limited in speed due to the requirement of the
SOA gain recovering between switching events. The modeling suggests that
switching speeds of 40 Gb/s is feasible. Higher speed XOR functionality
can also be achieved by using all-fibre NOLM’s [45, 46] at the expense of
additional latency or by using the logical combination of two SOA based
gates as mentioned above.
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Figure 9.2.14 Schematic of phase variation produced in a TOAD with the possi-
ble switching conditions: (a) switching pulse arrives before both loop signal pulses;
(b) switching pulse arrives in between loop signal pulses; (¢) switching pulses arrive
both before and in between loop signal pulses. The temporal positions of the loop signal
pulses are shown as two circles on the phase evolution graphs and the output of the
TOAD depends on the phase difference between these loop pulses. SOA offset from loop
center = 65 ps, 1/e gain recovery = 80 ps, switching energy = 100£J [44].
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9.2.4 XOR using UNI gate

The operation of the UNI gate relies on rotation of polarization of the
incoming signal to be switched in the presence of a switching pulse in a
SOA [47, 48]. Figure 9.2.15 shows the schematic.

The incoming signal pulse is split into two orthogonal polarization com-
ponents, which are delayed relative to each other in a certain length of
birefringent fiber before entry into the SOA. For single logic rail opera-
tions, one of these two orthogonal polarizations of the incoming pulse is
temporally synchronized with the switching pulse. This causes a local,
time-dependent refractive index change in the SOA, which in turn imparts

EDFA 1
50:50

/ fo_(m___ LD1 10 GHz

N 9 ps, 1545.2 am

Figure 9.2.15 Experimental setup of the XOR with UNI gate [48].
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a phase change only on the synchronized polarization component (i.e. the
component which is temporally coincident with the time dependent phase
change in the SOA) of the signal pulse. At the output of the SOA, the rela-
tive delay between the two polarization components is removed with a fiber
of equal birefringence and length and the pulses are allowed to interfere on
a polarizer that determines blocking or transmission through the switch.
Long-lived nonlinearities in amplitude and phase are balanced out to first
order in the UNI, as they affect equally the two orthogonal polarization
components of the signal.

For the implementation of the XOR operation, both polarization states
of the incoming pulse must be accessed in the SOA with the two control data
pulses A and B. Each control pulse imparts a phase and amplitude modu-
lation on the signal polarization component to which it is synchronized. If
either control pulse is present, the differential phase variation between the
orthogonal polarization components results in polarization rotation on the
polarizer and the UNI operates as a single rail AND gate. If both control
pulses are present, the phase change in the orthogonal polarization compo-
nents may be adjusted to be equal so that no polarization rotation results.
In the experiment three optical signals were used as inputs into the gate.
Controls A and B are the logical inputs to the switch and they control its
state and CLK (a series of 1’s) is the clock input. The outcome of the logic
XOR of A, B is imprinted on CLK, which is held continuously to a logical
1 on input to the gate.

9.2.5 XOR optical gate based on cross-polarization
modulation in SOA

The schematic of the method is shown in Figure 9.2.16. Optical beams
from two laser sources are coupled into the SOA. The polarization state of
input beam 1 is altered by the presence of beam 2 as it exits the SOA. The
phenomenon is known as cross-polarization modulation.

In the experiment two optical beams of equal power and same linear
polarization are launched in a co-propagation mode into the SOA [13]. The
wavelength of the input beams are separated by a few nm’s. A compensat-
ing element and a polarizer are placed after the SOA and tuned in order
to stop all light going through, i.e. when both input light beams are ON
the output of the setup is zero. When both input are OFF, the output
is also zero. On the other hand, when a single beam is launched into the
system, its polarization just before the polarizer is different from what it
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Figure 9.2.16 Simplified schematic of the XOR gate with cross-polarization modu-
lation [41].

was when both beams were ON. Thus, the polarizer does not extinguish
this beam entirely and the output is ON. This behavior is characteristic of
XOR function. The efficiency of the operation is governed by the magni-
tude of change in polarization experienced by one of the beams when the
other one is turned ON or OFF. A proper setting of the input wavelength
and power is needed. The input polarizations are controlled using manual
tuning. In practice, strict equality of the input beam power, wavelength
and polarization is not really required.

9.2.6 XOR using four-wave miring in semiconductor
optical amplifier with return-to-zero
phase-shift-keying (RZ-DPSK) modulated input

Consider signals at three frequencies injected into a nonlinear medium such
as a semiconductor optical amplifier. The electric fields Fq(w1), Ea(w2),
and Fs3(ws) can generate mixing terms at various optical frequencies via
four-wave mixing (FWM) in a medium with third-order optical nonlinearity
[39, 40]. The signal strength at a frequency of wy + wy — w3 is given by

Epwn(wi + ws — ws) ~ xB By (w1) Bz (w2) B} (w3)

where w; # wy # ws and x®) is the third-order nonlinear susceptibility.
With phase shift keyed (PSK) input light at frequencies wy, wa, such that
E, ~ exp(inAy) and Ey ~ exp(inBy), and a CW input light at frequency
ws, the electric field of the FWM generated signal is given by

EFWM(Wl + wg — WB) ~ eXP[iW(An ©® Bn)]7

where @ = XOR. A disadvantage of this approach is that the signal
produced is small. However, in principle it has several advantages. For this
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scheme, the identical intensity pattern of all pulses in PSK data should also
mitigate the pattern dependence normally observed in signal processing
of on-off-keyed (OOK) data. In addition, the output frequency can be
specified by varying the CW source of frequency ws, if the component,
w1 +ws —ws, is not resonant with other FWM frequencies such as 2wi — ws.

9.3 Optical Logic OR

OR function is an important function in all-optical logic systems. It is
desirable to have an OR gate which is stable and compact. All optical OR
gate operation has been demonstrated at high speeds (>40 Gb/s). When a
semiconductor optical amplifier (SOA) is used the speed is limited by the
carrier recovery time of the SOA. The truth table of OR operation is shown
in Table 9.3.1.

9.3.1 OR gate using gain saturation in an SOA

The principle of operation of OR, gate relies on gain saturation in the SOA.
A schematic diagram of the SOA-based all-optical OR gate configuration is
depicted in Figure 9.3.1(a). Two input data streams at wavelengths within
the gain spectrum of the SOA are combined and coupled into the SOA, and
the OR logic gate output signal P, is obtained at the SOA output.

Figure 9.3.1(b), shows the output power P, versus the total input
power P,. The output power P,y saturates for input powers larger than
a certain value, i.e. when both signals are present the output is also
“1”. Thus the output signal at OR will correspond to the logical OR
(Table 9.3.1) of the two input signals. However, it is important to note
that the pulsed powers must be carefully adjusted with respect to satura-
tion point of the SOA and the wavelength must be within the gain spectrum
of SOA.

Table 9.3.1 Truth table of OR gate.

Data B Data A Output OR

= O = O
== o O
— == O
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Figure 9.3.1 (a) Schematic diagram of the all-optical OR logic gate configuration;
(b) experimental static curve of the gain saturation and illustration detailing the OR
gate’s principle of operation [58].

9.3.2 OR gate using a semiconductor optical amplifier
(SOA) and delayed interferometer (DI)

The OR gate operation is based on the gain saturation and phase modula-
tion of optical signals in the SOA [58-64]. The schematic diagram of the
principle is shown in Figure 9.3.1 and the experimental setup in Figure 9.3.2.
The signals A and B and a CW control signal (which would carry the in-
formation of OR output) are injected into the SOA, the data signals A
and B will induce a phase shift in the CW signal via cross-phase modu-
lation in the SOA. Then by using a polarization maintaining loop (PML)
mirror, the phase-shifted CW signal is split into a clockwise component
and a counterclockwise component. The polarization maintaining fiber has
birefringence, i.e. light polarized along two directions in the fiber (fast and
slow axis) travel at slightly different speeds. The measured effective index
difference for light polarized along the fast and slow axis is 8.3 x 104, The
input CW signal is polarized along either the fast or the slow axis of the po-
larization maintaining fiber in the loop. The in-loop polarization controller
(which is near the coupler) is adjusted so that it rotates the polarization
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Figure 9.3.2 Experimental setup for the OR function demonstration, PC: Polarization
Controller, DFB: Distributed-Feedback Laser, BPF: Bandpass Filter, DCF: Dispersion
Compressing Fiber, PMF: Polarization Maintaining Fiber. DFB1 and DFB2 provide the
pulsed sources A and B and DFB3 provides the CW source [61].

by 90°. Thus the clockwise component and the counterclockwise compo-
nent of the light in the PML are polarized along the two optical axis of the
polarization preserving fiber.

Since the optical path is birefringent, the phase difference between the
pulses with polarization along the fast and slow axis will accumulate and
will result in a differential phase delay of kg - An- L, where kg is the wave
vector in the vacuum, An is the difference in index seen by the light prop-
agating along the fast and slow axis, and L is the fiber length in the
PML. Each of the clockwise and counterclockwise components traverses
the in-loop polarization controller once and arrive at the coupler with the
same polarization where they interfere. Figure 9.3.3(a) shows the output
of the PML. The transmission is minimum at wavelengths where the phase
change is . The wavelength of the CW source (obtained from a tunable
single wavelength laser) is tuned to the minimum of the DI output (Fig-
ure 9.3.3(a)) using a procedure which involves adjusting the wavelength and
the polarization controllers iteratively. In the absence of a control pulse,
there is no pulse emitted out of DI. If there is a control pulse injected into
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Figure 9.3.3 (a) Transmission of DI as a function of wavelength. Illustration of the

principle of operation: (b) d¢ represents the time dependent change in phase of the CW
light caused by the input pulse (A or B) in the SOA. (¢) Time dependent phases of
the clockwise (CW — dashed) and counterclockwise (CCW — solid) signal as it arrives
at the coupler after traveling through the loop (c(i)), a representation of the phase
difference of the clockwise and counterclockwise signal (A(d¢)) as a function of time
(c(ii)), representation of the pulse output (c(iii)) [61].
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SOA, it saturates the gain of the SOA which modifies both the gain and
phase of the CW signal propagating through the SOA. Thus the pulsed
input introduces a time dependent phase shift to the CW signal (Fig-
ure 9.3.3(b)). This signal enters the PML, splits into two signals, and
they travel in the clockwise and counterclockwise directions, respectively.
The polarization controller (labeled PC in Figure 9.3.2), is adjusted so that
the clockwise signal travels along the fast axis and the counterclockwise
signal travels along the slow axis. Thus the two signals arrive at the cou-
pler at slightly different times due to the birefringence of the polarization
maintaining fiber. Hence the two interfering signals at the coupler have
slightly displaced time dependent phases (which was originally introduced
by the input pulse at SOA). This is shown in top Figure 9.3.3(c). The phase
difference introduces a phase gate, A(d¢) shown as a function of time in
middle Figure 9.3.3(c). The output power of the DI (P) is given by

P = 2Isin*(A(0¢)/2) (9.3.1)

where [ is the intensity of the clockwise or counterclockwise propagating
signal which are assumed to the equal here.

The phase changes (on the CW signal) can be introduced by either
pulsed input signals A or B. Hence there is an output when either A or
B is present. The fiber loop acts as a phase gate. When both A and B
are present, due to gain saturation, same phase shift is introduced as when
either A or B is present, and hence an output of almost equal magnitude is
expected.

9.3.2.1 Ezperiment

Figure 9.3.2 illustrates a typical experimental setup, pulse trains at 5 GHz
repetition rate are obtained by gain switching two distributed feedback
(DFB) lasers using a sinewave signal generator. The signal pulses are
compressed to 7ps by transmission through a 600 m dispersion compen-
sating fiber (DCF). These pulsed sources could be mode locked lasers for
higher speed operation. These pulses are multiplexed using traditional
methods (delay and combine) to generate data patterns of (10001000) and
(10101010) respectively.

Figure 9.3.4 presents the result obtained after DI output. Signal A is
a data stream of (10001000), and signal B is a data stream of (10101010),
the bottom trace shows the OR output.
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Figure 9.3.4 Experimental result of SOA DI OR operation of 10001000 and 10101010.
Date rate is 40 Gb/s. The observed pulse width is limited by the bandwidth of the signal
analyzer [61].

9.3.2.2 Simulation

OR gate operation has been analyzed by a numerical solution of the SOA
rate equations. As is shown in Figure 9.3.2, the CW signal (P,,) is injected
into the SOA-DI as the probe signal. The input signals A and signal B
modulate the gain of the SOA and thereby the phase of the probe signal.
At the output end of the DI, the CW signals (Py,) traveling along the two
axis of PML interfere.

The DI output intensity is described as

Por(t) = T{Pr(t) + Pa(t) — 2/ PO Bs(0) cosln (1) — 62(1) + Ad]
(9.3.2)
where P »(t) are the power of clockwise component and counterclockwise
component in DI, A¢ is the phase shift due to PML mirror, and ¢4 »(t) are
time delayed phase shift in the two arms. The phase shift ¢(t) is related to
the gain G(t) in SOA by the linewidth enhancement factor «.. It is given by

o(t) = —% In(G(t)). (9.3.3)
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The time dependent gain of the SOA satisfies the equation [61, see also in
Chapter 8]:

din(G(t)) _ InGo—InG(t) P(t)

dt B Te Esat

where 7, is the carrier lifetime, G is the unsaturated power gain and FEgus

is the saturation energy of the SOA. P(t) is the instantaneous input optical
power inside the SOA and is given by

(G(t) — 1) (9.3.4)

P(t) = Pa(t) + Pg(t) + Pow. (9.3.5)

The data stream pulses are assumed to be Gaussian pulses with FWHM
pulse width of 1/8 bit period, e.g. 7ewum = T'/8. So,

+oo 2
2v/1In 2P, 4In2 (t — nT
Pap(t) = E anA,B \/7_TTFWHz/I eXp(— ( ) ) (9.3.6)

n—=—oo

2
TEFWHM

where Fy is the energy of a single pulse, ana B represents nth data in
data stream A and B, ana,z = 1 or 0. To simulate the OR gate perfor-
mance, we assume both input signals are of RZ pseudorandom bit sequence,
and the SOA parameters are as follows: Fgx = 30mW, Gy = 30dB.
Figure 9.3.5 illustrates the OR operation using the above equations, sig-
nal A has (01100110) pattern, and signal B has (11001100) pattern, the
bottom trace shows the result of OR operation at the output of DI. In the
simulation, the input powers of the two signals are equal, and, the saturated

)
IR
UL L)

0 100 200 300 400 500
Time (ps)

Intensity

Figure 9.3.5 Simulation of OR operation using SOA DI.
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gain for the two wavelengths are assumed to be equal. In the experimental
case, appropriate loss compensation can be used at the input so that the
“1”’s at the OR output are of equal magnitude. This is important for true
OR operation.

To investigate the “quality” of OR operation by simulation, @} factor
of the output signal has been calculated. @ factor gives the information
of the optical signal to noise ratio in digital transmission. As before, Q is
defined by,

o P — P()

Q= o1t oo (9.3.7)

where P; and P, are the average power of “1” and “0” signal respectively
in the output OR data stream, while o1 and og are the standard deviation
of 1’s and 0’s. Figure 9.3.6 represents the simulated eye diagram of OR
output for random input data streams A and B.

Figure 9.3.6 shows with increasing carrier lifetime of SOA, the Q factor
decreases. Under pseudorandom 20 Gb/s input signals, the simulated eye
diagram of output data at a carrier lifetime of 100 ps is not as clean as that
for 25 ps. Generally, for long carrier lifetimes, the pattern effect due to the
carrier depletion of SOA can lead to pulse distortion, this would limit the
pulse repetition rate in high speed logic operation. As discussed earlier, a
holding pump beam (see Chapter 6) can be used to reduce the gain recovery
time in the SOA and hence improve the high speed performance. Typical
holding beam powers are in the 50 to 100mW range and can be obtained
using a semiconductor laser.

To get further information on OR gate performance, the @ factor for
different injected pulse energies has been calculated. With an increase in
pulse energy, it is easier for SOA to get saturated, which results in a decrease
in @ factor with increasing pulse energy. The linewidth enhancement factor
(a-factor) depends on the relative position of the amplifier gain peak and
the signal wavelengths and thus can vary depending on the wavelength used.
The @ value is found to be larger for larger o because the phase changes
are larger for large o and hence the OR signal (“1” values) is larger. This
increases the signal to noise ratio and hence the Q) value.

9.4 Optical Logic AND

All optical signal processing is important for future high-speed optical com-
munication network to overcome the speed limitation set by electro-optic
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Figure 9.3.6 The eye-diagrams of OR results for different carrier lifetimes. (Top) 7. =
25 ps, (Middle) 7. = 50 ps, (Bottom) 7. = 100 ps. Note @Q value decreases with increasing
gain recovery time.
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Table 9.4.1 The truth table of AND.

Data B Data A Output AND

= O = O
== o O
= o oo

processing. All-optical AND gate employing four-wave mixing inside SOA
[65], and SOA-MZI has been demonstrated [66—68]. It is important that the
gates should be stable, and compact. The truth table for AND operation
is shown in Table 9.4.1

9.4.1 Optical logic AND gate using a SOA based
Mach-Zehnder interferometer

The AND gate is obtained using cross phase modulation of two input sig-
nals in the SOAs located in the two arms of a Mach-Zehnder interferom-
eter (SOA-MZI) built using SOA’s. The experimental setup is shown in
Figure 9.4.1. The signal A which participate in AND operation is injected
at port 1 and a delayed version of A is injected at port 2. MZI is initially
set so that there is no output if there is no differential phase change in the
two arms for an input signal propagating through both arms.

Signal B (which also carry the result of the AND operation) is injected
at port 3 of the SOA-MZI. When there is a signal (A) input “1”, in one
of the arms there is a phase shift induced on to the control signal and a
delayed phase shift appears at the other arm. Thus signal A (if it is 1)
produces a phase gate for signal B which travels through both arms and
interfere at the output. Thus if B = 1 and A = 1, the output is “1”7. If
A = 0 there is no phase gate and hence the output is “0” for both B = 0
and B = 1, and if A = 1, B = 0, the output is “0”. This is the logic
function AND.

9.4.1.1 Ezxperiment

Pulses at 5 GHz repetition rate and of 7ps duration are generated by gain
switching a distributed feedback (DFB) laser followed by pulse compression
using a high dispersion fiber. They could also be generated by mode locked
lasers. The 20 Gb/s data pattern of “1100” is generated by demultiplexing
the gain switched pulses using a 50:50 coupler and a delay of 50-ps for
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Figure 9.4.1 Experimental setup for demonstration all-optical AND logic in SOA-MZI.

one pulse train followed by multiplexing. The laser wavelength is 1559 nm.
As shown in Figure 9.4.1, 20 Gb/s data pattern of “1100” is split into two
data streams, and one (data stream A) was injected into the control in-
put 1 of the SOA-MZI, and the other (data A delayed by 25ps) was in-
jected into the control input 2 of the SOA-MZI. The average powers of
both data streams are amplified to 10dBm with erbium doped fiber am-
plifiers (EDFA). Another set of pulses at 10 GHz repetition rate and of
7ps duration are generated by gain switching a DFB laser (operating at
1554 nm) followed by pulse compression using a high dispersion fiber. The
20Gb/s data pattern of “1010” is generated by multiplexing the gain
switched pulses using a 50:50 coupler and a delay of 50-ps for one pulse
train followed by multiplexing. This series of pulses are also amplified to
10dBm (average power) before being sent into the SOA-MZI port 3. After
cross-phase modulation in the SOA, the output signal at 1554nm is cou-
pled out of SOA-MZI, where a filter selects the 1554nm signal before it
is measured using a 30 GHz sampling oscilloscope. Results are shown in
Figure 9.4.2.

9.4.1.2 Simulation

As shown in Figure 9.4.1, the input pulse “10101010...” P, is introduced
into the SOA-MZI and it propagates through both arms and interferes at
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Figure 9.4.2 This figure shows the results of the all-optical AND logical gate operation.
A indicates the control pulse “11001100...”, B is the input pulse “01010101...”. The
final AND “01000100. ...” result is clearly seen in C.

the output. Signals A and B are injected as discussed earlier and propagate
through the SOA’s in the two arms of the MZI. In the SOA, the A and
delayed A signals modulate the gain of the SOA’s, creating a phase gate,
and thereby varying the phase of the co-propagating P,, signal (B). At the
output of the SOA-MZI, the P,, signal from the two arms of the SOA-MZI
interfere. The AND output intensity is calculated using the procedure for
SOA operation described earlier.

For a SOA based interferometer device, output pulse amplitude is
decided by the maximum phase shift ¢ induced by the control pulse.
Figure 9.2.7 shows the relations between phase shift in one arm of the
SOA-MZI and single pulse energy Py for different repetition rate. It fol-
lows from Figure 9.2.7 that the phase shift increases with increase in single
pulse energy, and it decreases with increasing control pulse rate. Phase
shift of m can be easily achieved when bit rate is low, e.g. single pulse
energy Py = 0.0025FE;,; can induce a phase shift of 7 when bit period is
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same as carrier recovery time (T = 7.). In the high bit rate case, however,
the phase shift becomes saturated with increasing Py, e.g., when T' = 0.17,
the phase shift becomes saturated when Py is larger than 0.01 Egyus.

A model calculation of AND operation is shown in Figure 9.4.3. The
gain recovery time used in the calculation is 25 ps. An insight to the per-
formance of the AND logic can be gained by displaying the superposition
of 1’s obtained in the AND operation. These diagrams resemble the “clas-
sical” eye diagrams, but they are not as informative in the sense that de-
grading effects, normally observed in point-to-point communication links,
such as noise sources added by the detector, optical fiber, etc. are absent.
Nevertheless, these diagrams, which will be called “pseudo-eye-diagrams”
(PED’s), are useful because, through isolation of the system effects, fea-
tures of the operational principle of the analyzed device become evident.
The quality factor (Q) has been calculated in the diagrams to simplify the
interpretation of the results.

Figure 9.4.4 represents the simulated PEDS of the AND output for dif-
ferent carrier recovery times for 40 Gb/s for 27 —1 (127 bit) pseudo-random
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—
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Figure 9.4.3 Model calculation of AND operation for 40 Gb/s pulse train. The gain
recovery time is 25 ps.
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Figure 9.4.4 The eye-diagrams of AND results for different carrier lifetimes. (Top)
Te = 25 ps, (Middle) 7. = 50 ps, (Bottom) 7. = 100 ps. The data rate is 40 Gb/s.
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data. The parameters of the SOA are chosen as follows: Gy = 1000 and
a = 7. From Figure 9.4.4, it follows that when carrier recovery time in-
creases from 25 ps to 100 ps, the Q-value of the pulse train decreases from 60
to 6.6. So the carrier recovery time of SOA will restrict the pulse repetition
rate in the high speed optical logic systems.

9.5 Optical Logic INVERT

All-optical Inversion operation (Table 9.5.1, i.e. 1to 0 and 0 to 1) is readily
accomplished using the gain saturation scheme in a semiconductor optical
amplifier.

Consider two signals injected into the amplifier, one is the signal carry-
ing data at wavelength A; and the second a CW probe signal at wavelength
A2. When the data is in high state (1), the gain of the amplifier is saturated
which reduces the gain on the probe at wavelength A2 and hence the output
at Ag is reduced. When the data signal is low (0), the gain of the amplifier
is not reduced and hence the gain on the probe at wavelength Ao is high
and hence the output at \s is high.

Thus the gain saturation phenomenon (also known as cross gain mod-
ulation (XGM)) leads naturally to an Invert operation. The process is
also accompanied by cross phase modulation (XPM), i.e. the signal carry-
ing data also modulates the phase of the co-propagating CW probe signal.
The process is important in optical networks for conversion of data at one
wavelength (A1) to a second wavelength (A2). The speed of Invert opera-
tion based on gain saturation is limited by the gain recovery time of the
SOA. Wavelength conversion with good signal quality at 40 Gb/s has been
reported [69, 70]. Invert operation (or wavelength conversion) at 100 Gb/s
has been reported using a SOA in conjunction with a delayed interferometer
(DI) [71]. The schematic of the device along with the operating principle is
shown in Figure 9.5.1. The DI is a waveguide based device fabricated using
Si/SiO, technology. The signal carrying the data along with the CW probe

Table 9.5.1 The truth table
for Invert operation.

A Invert

1
0 1




258 Semiconductor Optical Amplifiers

MM filter
1x2

Pine 24 11 Pinv 22
L '— 1 Peonv: 22
—_— conv’

Pow: 22

Pow,1

1.3mm x 6mm
InP chip

Figure 9.5.1 Wavelength conversion (invert) operation using a semiconductor optical
amplifier and delayed interferometer (DI) [71].

signal is injected into the SOA. The XPM phenomenon produces a time
varying phase change on the probe signal, i.e. each optical pulse (1) from
the data produces a phase change but the decay of this phase change takes
place in a time generally larger than the bit period in the incoming data
stream. This is shown in the insert of Figure 9.5.1. The CW signal enters
the DI, it is split into two signals of equal intensity and propagates through
the two arms of the DI before interfering at the output. One of the arms
has an additional built in delay (At) relative to the other arm. Thus at the
output there exists a relative phase difference between the two signals for a
duration At during which time the signals interfere and produce an output.
Thus the DI creates a “phase gate” which allows wavelength conversion at
much higher speed. The speed here is determined by the magnitude of At
and the signal to noise ratio needed for good signal quality. A low At would
eventually lead to a very low signal to noise ratio.

For the experimental results shown in Figure 9.5.2, the differential de-
lay in the DI was 10ps. Optical multiplexing was used to create the
100 Gb/s data. The data pulses were ~3 ps wide. After wavelength con-
version, the 100 Gb/s data at wavelength was demultiplexed to ten 10 Gb/s
channels. The bit error rate measurement on these 10 Gb/s signal is shown
in Figure 9.5.2.

The Invert operation (or wavelength conversion) is important for a wide
range of systems including parity generator, scrambling of bits and header
generation and processing. The OR and Invert operation can be combined
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Figure 9.5.2 Measured bit error rate for 100 Gb/s data for the wavelength converted
(Invert) signal (solid circles) and that of the input signal (solid squares) [71].

to obtain NOR gates from which a complete set of logic operations could
be built. Logic circuits have been demonstrated using SOA-based devices.
The operating principle and performance of these circuits are described in
Chapter 10.

As mentioned earlier, the performance of the high speed Boolean logic
operations is limited by the gain and phase response speed of the SOA. SOA
fabricated using quantum dot active region can have high speed response
(Chapter 6). Thus Mach-Zehnder devices using quantum dot SOA’s are
likely to provide a higher speed operation than similar devices using regular
SOA’s.
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Chapter 10

Optical Logic Circuits

10.1 Introduction

All-optical Boolean logic operations such as XOR, OR, AND and INVERT
are important for various high speed all-optical signal processing applica-
tions. In particular all-optical XOR and all-optical AND gates are funda-
mental in the implementation of various all-optical systems such as packet
switches, binary adders, binary counters, decision circuits, optical proces-
sor, data encoder and bit-pattern recognition circuits. These circuits are
important for optical communication networks. In this chapter the demon-
stration and higher speed implementation of several of these operations are
described.

10.2 Adder

Binary addition is an important function in all-optical logic circuits. The
ADDER function can in general be separated into half-adder [1-5] and
full-adder [6] operations. The half-adder operation is easier to carry out
and in general involves a demonstration of a “CARRY” bit and a “SUM”
bit function. These bits are then routed through a similar operation with
suitable delay to carry out a full-adder function.

The half adder is a combinational logic function of simple addition of
two binary digits. The truth table is shown in Table 10.1.1. Logic CARRY
is logic “1” when both inputs are “1”. Otherwise, it is logic “0”. Logic
SUM represents the least significant bit of the two bit binary summation.
The binary functions of SUM and CARRY are similar to that carried out
by XOR and AND operations.

263
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Table 10.1.1 Truth table of half adder.

A B SUM CARRY
0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 1

XOR H—— SUM

AND —— CARRY

Figure 10.2.1 Basic structure of half adder [4].

The all-optical half adder experimental results are demonstrated in
Figure 10.2.2. The circuit used in the demonstration is similar to that shown
in Figure 10.2.1. The all-optical half adder function has been shown to op-
erate at speeds of 10 Gb/s [4, 5]. Half adder can be constructed using SOA
based Mach-Zehnder interferometer (SOA-MZI). As shown in Chapter 9
the SOA-MZI can perform the XOR and AND functions and hence they
can perform the SUM and CARRY operation.

A full adder requires three inputs: the two bits to be currently added
and the CARRY bit from the previous bit ADDITION. This is achieved as
follows [3]: first an all-optical XOR gate is used to generate the ADDITION
(SUM) and all-optical AND gate is used to generate the CARRY bits. The
CARRY memory is coupled to the ADDITION memory and the capacities
of the two memories are delayed by a single bit. In this way, the CARRY
bits are cycled back into the ADDITION with an appropriate shift in sig-
nificant position on each circulation around the memory. A carry-ripple
process takes place on each memory circulation until the correct binary
ADDITION of the two input words is achieved. When this is completed,
the CARRY memory resets to all ZEROS and a further word addition can
be initiated. This bit differential delay technique allows the full adder func-
tion to be performed entirely optically. Figure 10.2.3 shows the addition of
two bit binary words using bit differential delay.

The schematic of a full-adder operation with bit shifting circuit with a
bit delay is shown in Figure 10.2.4.
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=3

Figure 10.2.2 Experimental results of all-optical half adder: Input signal A, input
signal B, output signal: logic SUM, output signal: logic CARRY at 10 Gb/s [4].

10101101 A
00011100 B
10110001 xor
7 00001100 AND (CARRY)
| 00011000 «<— Shift AND 1 bit to left
> 10101001 xor
00010000 AND
00100000 =— Shift AND 1 bit to left
10001001 xor
00100000 AND
01000000 «—— Shift AND 1 bit to left
11001001 XOR «— Final addition result
00000000 AND

Figure 10.2.3 Theoretical bit-differential addition of the two 8-bit binary words
A: 10101101 and B: 00011100 [6].
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b clock —
1 ADDITION (m bit)
B A f - 4 -

mbit m bit ! OUTPUT

i1

010 ..011 AND
INPUTr " clock—

1 CARRY (m-1 bit)

-t

Figure 10.2.4 Schematic circuit of a full-adder [6].

The above circuit was built using TOAD type devices (see Chapter 9).
The TOAD was used in a form so as to perform the XOR and AND function.
A fiber delay line is used for the bit-delay (Figure 10.2.5).

The experimental results are demonstrated in Figure 10.2.6. For higher
speed operation, it is desirable to have integrated versions of the SOA
based switching gates. This will allow incorporation of specific delays in

ADDITION Output

EDFA XOR

| Switch I/P

ADDITION memory
(297 bits)

50:50

Switch I/P

TOAD2

Input words

M° be added AND l—r or
—> Switch I/P DFB#2
] TOAD3
E]edCt:'ICﬂl CARRY P op * Switch 1/P
ata
memory TOAD4
(296 bits) e or)
DFB#2 )
— = <

CARRY Output

Figure 10.2.5 Experimental setup used to demonstrate all-optical adder [6].
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Figure 10.2.6 (a)—(f) Experimentally measured output from the ADDITION memory
after 1 — 6 memory circulations, respectively. The expected binary sequence is shown at

the top of each figure [6].
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the circuit. Such temporal delays would be stable. Using SOA based
Mach-Zehnder interferometer and using InP materials many laboratories
are pursuing higher speed optical adder operation.

10.3 Parity Checker

During the transmission of optical pulse trains from one point to another,
noise or other disturbances can cause distortions in the digital signal. Thus
it is important to have a scheme which can identify the presence of possible
errors.

Parity checker is a method that adds a parity bit to the end of each
word or byte. At the receiving end, the system will check if the received
parity bit agrees with the parity of the received word. For example, if the
input signals are “1011”, there are three “1”’s and it is an odd number.
The parity of this word is odd. A parity bit is added to the end of this
4-bit word during transmission. A parity bit is generated from the received
word at the receiver and compared with the received parity bit. If the
received parity bit is “1” or odd, then the transmitted signal “1011” is
assumed to have no error, if the parity is “0” or even, then there must be
error in the transmission. This method is widely used in signal transmission
system.

In all-optical communication system, the parity generator is an optical
circuit that produces the parity bit. It can be constructed using optical
XOR gates. The XOR operation is very similar to a “parity generation”
operation of two bits. Thus a sequence of XOR gates which produces
XOR outputs successively can be used to generate the parity of a word.
The schematic setup of 4-bit even and odd parity generators are shown
in Figure 10.3.1. The successive four bits of a 4-bit word undergoes XOR
operation, the output of these two XOR gates undergoes further XOR. op-
eration to generate the even parity bit. Since the XOR operation occurs
simultaneously on all bits of the 4-bit word, the process is often called a
parallel scheme. For odd parity generator, a NOT gate “invert operation”
is needed before the output. A similar scheme works for parity generation
from a 8-bit word. In this case, the successive 8 bits undergo XOR oper-
ation using four XOR gates. The output of these go to two XOR gates
followed by a final XOR. This is shown in Figure 10.3.2.

Although the parallel scheme for parity checker is important for actual
systems, for demonstration purposes a serial scheme whereby the XOR
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XOR
—— 1
XOR —

N XOR —,_ Parity Bit

(Even)

XOR

L
XOR [ NOT[—
[

XOR Parity Bit

(Odd)

Figure 10.3.1 Schematic of a even parity generator for a 4-bit word (Top). The odd
parity generator has a NOT (INVET) function to the output.

XOR

XOR
| XOR
XOR[—
XOR
_ Parity Bit
XOR (Even)

PRES

XOR

Figure 10.3.2 Schematic of 8-bit even parity generator.

operation is carried out serially is useful. A serial scheme for parity gener-
ator is shown in Figure 10.3.3.

In this scheme the XOR of the first two bits undergoes an XOR opera-
tion with the next and so on. In principle, the same XOR gate can be used
to generate the parity bit by cycling the word through the same XOR gate
delayed by one bit each time it cycles through. This scheme is often used
in laboratory experiments.

At the receiving end, the parity checker determines if the parity of the
signal agrees with the parity bit. Parity checkers are constructed using sev-
eral XOR operations. The parity checker has two elements: (i) generation
of a parity bit from the received word, and (ii) comparison of the generated
parity bit with the received parity bit. The parity checker for a 8-bit word
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__| XOR —|_
XOR
L

XOR[—*

Parity Bit
Even

Figure 10.3.3 Serial scheme for even parity generation from a 4-bit word.

is shown in Figure 10.3.4(a). The parity generator is similar to that of
Figure 10.3.2. The output of the parity generator and the received parity
bit is compared with a XOR gate. If the parity of the word or byte is the
same as the parity bit, the result is “0”, no error (assuming the possibility
of two or more errors occurring at the same time is very small). The result
“1” indicates that there must be error during the transmission. A parity
checker using a series parity generator is shown in Figure 10.3.4(b).

A parity checking operation with bit-differential delay is shown in
Figure 10.3.5 [4]. The operating principle and experimental results are
shown in Figures 10.3.6 and 10.3.7 respectively. The principle of parity
generation using XOR in serial scheme (a one bit delayed XOR operation
in sequence) is shown for a 4-bit word in Figure 10.3.6. TOAD is used to
perform XOR and AND function in the experiment. The parity bits are
generated in the middle of the pulse train. It is the 4th bit after three XOR
operations with successive one-bit delays.

In order to perform all-optical parity checking at higher data rates, an
integrated SOA-MZI based XOR, operation scheme in a series configuration
can be implemented as shown in Figure 10.3.8 [8], the simulation results are
shown in Figures 10.3.9 and 10.3.10. The XOR is used with input pulses
at two different wavelengths, as shown in Figure 10.3.9. The input pulse
train has every N set of bits (N = 8 for 8-bit WORD) at one wavelength
and the (IV + 1)th bit is at a different wavelength. Therefore the (N + 1)th
bit can be coupled out using a wavelength selective coupler, which can be
the parity bit or the result of the parity checker operation.

An AND operation is also needed in the circuit. It converts the wave-
length to the desired wavelength for the SOA-MZI and reshapes the pulse,
minimizing the distortion caused by noise and pattern effect during all-
optical XOR operation. The mixed input pulse in Figure 10.3.8 is made
such that every N bits are of one wavelength and the following (N + 1)th
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Figure 10.3.4 Scheme for (a) 8-bit even parity checker and (b) 4-bit parity checker.

v Memory for parity check

D

w Clock
_4 EEEE v

Memory for binary word to be parity checked

_\ '
Clock —J

U

34‘56

Parity
Result

Figure 10.3.5 Logic diagram of the parity counter with bit-differential delay [7].
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1101
1101

10111
10111
111001

111001
1001011

f

Parity Bit

XOR

XOR

XOR

Figure 10.3.6 The operating principle of parity checker with differential delay. A 4-bit
word is used for illustration.

Figure 10.3.7 Experimental result (2ns/div) (Top) the input word (1101), (Bottom)
results after three rounds of XOR operation (1001) as shown in Figure 10.3.6. The
parity bit is a “1” in the middle of the pulse train (marked with an arrow) [7].
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Mixed Pulse Input

Pulse Train A

XOR

YvV

Shifted Result

Optical Delay

Selective Filter
——3 1 AND
Output
Signal Pulse Train 1 SOA
2 tput
Mixed Clock Pulse Train 4 Ou p
3
XOR result with one bit delay

Figure 10.3.8 (Top) Scheme for parity checker in series configuration. (Bottom) Setup
of SOA-MZI in series configuration.

bit is of different wavelength. Therefore this (N 4 1)th bit can be coupled
out through the wavelength selective coupler, which can be the parity bit
or the parity checker result bit.

The numerical results of parity generator and parity checker are ob-
tained with optimized reshaping and wavelength conversion element. To
achieve such optimized condition, precise timing between the gates and
amplitude control must be maintained.
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Figure 10.3.9 Simulation results of 8-bit parity generator. For the top trace after the
8-bit word (00010001), which has even parity, an even parity bit (0) is generated at the
8th bit and for the (11010000) 8-bit word, which has odd parity, an odd parity bit (1)
is generated at the location of 8th bit. The bottom trace shows similar results for a
different set of 8-bit words. Note that at the end of every 8th bit of a 8-bit WORD a
parity bit is generated which represents the parity of the previous 8-bits. The interim
pulses are the shifted results of XOR used as the input of next XOR operation.
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Figure 10.3.10 Simulation results of 8-bit parity checker.

200 400 600 800 1000

Note the 8-bit WORD

(10001001) for (a) which has odd parity has a odd parity bit “1” added to the end.
At this temporal position (end of the WORD) the parity checker produces a “0” bit in-
dicating the operation was carried out successfully. The same successful result is obtained
in (b) for a different WORD (10111010). The interim pulses are the shifted results of

XOR used as the input of next XOR operation.
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10.4 All-Optical Pseudorandom Binary Sequence (PRBS)
Generator

Pseudorandom binary sequence (PRBS) generators are important for a
range of applications in a communication system which including testing,
bit scrambling, bit de-scrambling. In all-optical communication network,
one fundamental measurement is how accurately the receiver can determine
the logic state of each received bit. In case the system cannot carry live traf-
fic during the test, so it is suitable to inject a known bit stream pattern to
the under test device. The most common input test pattern is the pseudo-
random binary sequence. This bit sequence is designed to approximate the
truly random data [9].

In an electronic system, a pseudorandom binary sequence generator with
N shift register stages is able to generate all the combination of m bits
(2" — 1) and 0’s (Figure 10.4.2) [11].

Pattern System | Data Error
Generator Under test Detector
Clock
Clock
Source

Figure 10.4.1 Basic bit-error-ratio tester [10].

Clock
D D D D D
Flip-flop —> Flip-flop [-¢¢* Flip-flop » Flip-flop [-¢$* Flip-flop
1 2 m m+1 n
XOR [¢
gate e
L, Output

Figure 10.4.2 PRBS generator using shift registers with feedback [10].
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Table 10.4.1 The combinations of PRBS shift register [10].

Sequence Length Shift-Register Configuration
27 -1 D6 + D7 4+ 1 =0, inverted
210 1 D 4+ D7 4+ 1 =0, inverted
215 1 D15 4 D4 4+ 1 = 0, inverted
220 _1 D20 4+ D17 4+ 1 = 0, inverted
223 1 D23 4 D18 41 = 0, inverted
231 1 D3l + D28 41 = 0, inverted

All-optical pseudorandom bit stream generator can be made with op-
tical delay line and XOR gates. The optical delay lines play the role of
shift register. The two inputs of XOR need to be carefully chosen. If the
right combination is not chosen, the maximum length (2" —1) cannot be
obtained. Some of the combinations are shown in Table 10.4.1 [10].

One way to examine the output of a PRBS generator is by measuring the
frequency spectrum. The PRBS frequency spectrum consists of many dis-
crete lines under the envelope of sin(z)/x shape as shown in Figure 10.4.3.
The frequency space between two neighboring lines is given by [10]

fo
2n —1

Af = (10.4.1)

where A f is the frequency spacing and f; is the bit rate. Figure 10.4.4 shows
the measured RF spectrum for the PRBS generator of Ref. [12]. Temporal

—

T _‘ - —>| [ af

e

Power

)
Frequency

il H T\T"‘;;.‘I'T g

Figure 10.4.3 PRBS frequency spectrum [10].
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Figure 10.4.4 Experimentally measured RF spectrum [12].

position of the bits were also measured. Both the temporal position and
spectrum aggress with the expected PRBS performance.

For higher speed PRBS generator where the bit periods are short, a
device with all functionalities integrated on the same chip is needed. The
schematic configuration of an integrated device which uses SOA-MZI for
XOR operation and an AND gate is shown in Figure 10.4.5. The de-
lays (m bits, n bits) must be suitably chosen to produce a maximal se-
quence in the pseudo random pattern. The AND gate is needed for pulse
reshaping and wavelength conversion. The initial pulse is used to start
the cycle. The simulated result of 6-stage PRBS (26 — 1) is shown in
Figure 10.4.6.

Optical delay line, m bits

Initial pulse Coupler ’—':1
Optical delay line, n bits

AND XOR

CW or clock pulse

Clock pulse

Figure 10.4.5 The schematic setup of 2" — 1 PRBS generator.
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i L

0 100 200 300 400 500 600
Time (ps)

Figure 10.4.6 Simulated bit stream from 6-stage PRBS.

10.5 All-Optical Header Processor

A set of bits known as “header bits” are included along with the data
bits in a communication system. The header bits carry the information
related to the processing of data bits. All-optical header processing plays
an important role in high-speed all-optical network. The header bits must
be processed quickly to make the switching or routing decision for the data.
Different schemes for header processing based on semiconductor optical
amplifier have been reported [13-29]. We describe the multi-output header
processing based on two-pulse correlation in Section 10.5.1, cascaded SOA-
MZI header processor in Section 10.5.2 and asynchronous multi-output all-
Optical header processor in Section 10.5.3.

10.5.1 Multi-output based on two pulse correlation principle

All optical header processing has been demonstrated using the schematic
configuration shown in Figure 10.5.1. The operation is based on a semicon-
ductor optical amplifier positioned appropriately in a fiber loop mirror. A
two-pulse correlation scheme in the semiconductor optical amplifier in the
loop mirror is used to retrieve the header from the packet [15, 22]. There are
three time scales in the SOA configuration in a fiber loop, the time between
two pulses T, the time related to the displacement of the semiconductor
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Figure 10.5.1 Experimental setup of a all-optical header processor and packet structure.
The basic device used is a semiconductor optical amplifier in a loop mirror configuration.
The optical packet is split and it propagates through the loop mirrors with SOA. Typical
packets are also shown [15].

optical amplifier to the center of the loop mirror, ¢ and the recovery time
of the SOA, t..

In the case of T'— 2t > t., the first pulse propagating in the counter-
clockwise direction arrives at the SOA before the two clockwise propagating
pulses. No phase difference appears between the two counter propagating
pulses because the gain is unsaturated. Hence no pulse output occurs
from the fiber loop. If |T — 2¢| < t., gain saturation in SOA causes
phase difference between the counterclockwise and clockwise pulses. A
pulse output then takes place from the fiber loop. For the case when,
2t — T > t. the counterclockwise pulse arrives at the SOA after the two
clockwise pulses have left the loop. Hence there is no pulse output from the
loop mirror.

As shown in Figure 10.5.1, the input header is split into two equal
parts. The difference between the upper branch and the lower branch is
the position of the SOA insider the loop. By carefully choosing the position
of the SOA in the fiber loop, in accordance with the principle described
above, the header will be switched to different output ports according to
its pattern. The experimental results are shown in Figure 10.5.2.
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Figure 10.5.2 Output at ports 1 and 2 when packet 1 is processed [15].

10.5.2 All-optical packet header processor based on

cascaded SOA-MZI’s

A semiconductor optical amplifier based Mach-Zehnder interferometer
(SOA-MZI) in a cascaded configuration has been proposed for header pro-
cessing [23, 24]. The proposed structure of all-optical header processor
using N XOR gates is shown in Figure 10.5.3 [23, 24]. Each SOA-MZI per-
forms XOR operation. They are in counter-propagating configuration so
that no filter is needed. As the result of the cascaded XOR functions, the

data input A
1 _ Ipacket headerlabel)

cutput

data input B
(reference inverted address)

Figure 10.5.3 Proposed architecture for all-optical packet header processor or optical

correlator [23].



282 Semiconductor Optical Amplifiers

word data input A
L 1 L A F‘ l L] L L] .F_-'l
‘ ’L i “ ';Ju
dala input B
‘ l Ll | ‘_
15t stage output
”JJ l U Al L|_

2nd stage output

_i. Ll

3rd stage oulpiit

14

dth stage output

I B e e A v T T T 1 ¥ ¥ =T

0 1 2 T3 4 & "B
time, ng
Figure 10.5.4 Simulation results of bit-pattern matching (header = address recog-

nition) [23].

output is logic “1”, if the input A is the inverse of input B. Otherwise the
output is “0”. The simulation results are shown in Figure 10.5.4.

10.5.3 Ultrafast asynchronous multi-output all-optical
header processor

The experimental setup (Figure 10.5.5) consists of two parts [25]. The
header preprocessor (HPP) [26] and the header correlator, TOAD [27].
The header preprocessor separates the header from the payload and also
provides the control pulses to the TOAD. The configuration of the header
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Figure 10.5.5 Experimental setup to demonstrate the header processing system and
packet structure are presented. PC: Polarization controller. EDFA: Erbium-doped fiber
amplifier. BPF: Bandpass filter. For the pulse sequence shown at the bottom, (A) header
pulses; (B) alternating “1” and “0” bits; (C) sequence of “0”s [25].

preprocessor is shown in the dashed box in Figure 10.5.5. The format of
the packet is such that there are several “0”’s before the header and its
time duration is longer than the recovery time of the SOA. The payload
behind the header is Manchester encoded and the transition between “1”
and “0” is faster than the recovery time. Thus when the header arrives
at the SOA, the gain is unsaturated. Due to the self-induced polarization
modulation, the header is switched to one port. Since the gain is saturated
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Figure 10.5.6 Timing of the control pulses for the three relevant cases for the operation
of the header processor. (a) The control arrives at the SOA after all the pulses have
passed the SOA. (b) The control arrives at the SOA after the second CW pulse has
passed the SOA but before that the second CCW arrives at the SOA. (¢) The control
arrives at the SOA before both the CW and CCW second pulses arrive at the SOA [25].

when payload is transmitted inside the SOA, it is switched to the other
output port.

The operation of TOAD is as follows: the output of HPP is split into
two parts, the low power signal and the higher power control pulse. There
are three possible cases depending on the arrival time of the control pulse at
the SOA. As illustrated in Figure 10.5.6(a), when the control pulse arrives
after the second pulses in both directions, no phase change is induced.
Thus the output is “0”. For case (c¢), the control is between the second
pulses of the counterclockwise and clockwise signal, the output is also “0”
since the induced phase changes are almost equal. In case (b), the con-
trol pulse arrives at the SOA before the second counterclockwise pulse and
after the second clockwise pulse, the output is “1”, due to the phase dif-
ference between the counter-propagating pulses. This process allows the
implementation of header recognition.

Unlike the two pulse correlation case in Section 10.5.1, the header pro-
cessing does not depend on the recovery time of the SOA. The experimental
results are shown in Figure 10.5.7.

Optical logic circuits are being investigated by several research groups.
As mentioned before, for higher speed operation quantum dot based SOA
is important. Many optical logic circuits require several devices to be
integrated on the same chip. Thus much of the advances in the opti-
cal logic circuit development would not have been possible without the
advances in materials and processing technology. An avenue that is be-
ing pursued by several researchers involve hybrid integration where the
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Figure 10.5.7 Measured oscilloscope traces. (a) The optical data packets that are input
to the header processor. Packets with two different headers are shown. The inset shows
details of the packet header. (b) The output of the HPP. It is clearly visible that only
pulses synchronized with the leading edge of the header bits output the HPP. (c¢) Output
at Port 1. It is visible that only Packet 1 is recognized. (d) Similar to (c), but now for
Packet 2 [25].

optical waveguides are fabricated using silica based technologies and the
semiconductor amplifier use InGaAsP /InP materials technology. Both sets
of chips are fabricated in the form of arrays and then they are optically
aligned. The challenges of much of the current optical logic circuit re-
search is intimately linked with the challenges in materials growth which
include not only the investigation of new material systems but also im-
provements in existing technologies, such as quantum dots, to make them
more reproducible.
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Absorption, 21, 35, 37-39, 43, 62,
122, 189, 215
electro-, 92
loss, 43
rate, 37
spectrum, 38, 215
Active layer, 20-22, 43, 55, 56, 58, 61,
69, 115, 133
index, 20
thickness, 20, 22, 43, 44, 58, 60
Alignment, 178
Amplifier
Erbium-doped fiber, 202, 227, 253,
283
Fabry-Perot, 26, 27, 111, 114, 118
traveling-wave, See TWA
Amplifier bandwidth, 17
Amplifier gain, 9, 17, 18, 22, 23, 92,
125, 135, 148, 154, 155, 190
polarization independent of, 10, 11,
21, 26, 30, 32, 115, 141, 144,
173, 204
Amplifier noise, 130, 146, 148, 154
Amplifier noise figure. See Noise
figure
Amplifier saturation, 17, 117, 118
Amplitude-phase coupling, See
Line-width enhancement factor
Antireflection, 10, 27, 28, 111, 112
coating, 10, 27, 28, 111, 112
ASE (amplified spontaneous
emission), 124, 125, 216

Auger process
band gap dependence, 45, 48
band-to-band, 45, 46, 48, 51, 66,

67, 69

phonon-assisted, 45, 48, 50, 66, 69
trap assisted, 45, 69

Auger recombination, 44-50, 52, 61,
66, 68, 117, 122
See also Auger process

Avalanche photodiode, 144, 214

Band (energy)
conduction, 6, 22, 36, 38, 41, 45,
48, 54, 59, 61-63, 65, 66, 83,

159, 162, 165

heavy hole, 23, 30, 36, 37, 45, 46,
48, 58, 66, 69

light hole, 23, 30, 36, 37, 45, 46, 48,
58, 65, 69

split-off, 45, 46, 48, 66

two-dimensional, 61, 62

valence, 6, 30, 36, 38, 42, 45, 48,

54, 59-61, 66, 69, 83, 159, 162

Band gap, 2, 4-6, 21, 22, 26, 35, 37,

45-49, 57, 68, 69, 83, 84, 92, 105,

165, 174, 217

direct, 4, 5, 35, 69, 83

energy, 21, 24, 25, 36, 37, 106, 158
Band structure, 41, 46, 52, 69, 90

non-parabolic, 46

of strained quantum wells, 69

parabolic approximation for, 61
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Bandwidth
gain, See gain bandwidth
Barrier layers, 61, 65, 66, 174
Beat noise, 10, 149, 151
signal-spontaneous, See Noise
spontaneous spontaneous, See
Noise
Bias
laser, 25, 26, 160, 206
SOA, 202, 205
Bit error rate, 143, 205, 258, 259
Bloch function, 38, 58
Blocking layer, 98-100, 204
Boltzmann approximation See also
Nondegenerate approximation
Boundary condition, 18, 56, 132, 189
Bragg reflector, 142, 174
Broadening
Homogeneously, See
Homogeneously broadening
Inhomogeneously, See
Inhomogeneously broadening
Buried heterostructure laser, 69
capped mesa, 98
strongly index guided, 98, 119

Capture cross section, 53
Carrier density, 9, 21, 23, 3944,
46-49, 52, 53, 55, 56, 63, 6568, 70,
73, 122, 129-132, 134, 138, 165,
167, 186, 187, 191, 195, 200, 210,
215, 236
at transparency, 23, 42, 122, 131,
167, 200
modulation, 65, 138, 186, 188,
194-196
Carrier diffusion, 132
Carrier heating, 157, 158, 162, 164,
166, 168, 193, 194, 205
Carrier leakage, 43, 52, 54, 56, 57
Carrier lifetime, 44, 51, 56, 132, 138,
157, 162, 187, 190, 201, 202, 206,
229, 249, 250
conduction band to valence band, 6
minority, 51, 56

nonradiative, 44
spontaneous, 202, 229

Carrier recombination, 9

Carrier-induced index change, 131,
180

Cavity resonance, 10, 112

Channel spacing, 139

Chemical-beam epitaxy (CBE), 89, 90

Chemical vapor deposition, See also
Vapor-phase epitaxy
metal-organic (MOVPE), 87

Chirp See Frequency chrip

Cladding layer, 6, 8, 19-21, 26, 54,
55, 57, 58, 60, 61, 69, 72, 82, 99,
115, 204
index, 8, 20

CMBH (capped mesa buried
heterostructure), See Buried
heterostructure

Coherent detection, 141, 143

Confinement factor, 20, 21, 24, 26,
27, 30, 60, 61, 104, 111, 122, 131,
132, 188, 200

Contact layer, 97, 99, 104, 116, 204

Continuous wave (CW), 184, 225

Coupling efficiency, 150, 153, 180, 202

Coupling losses, 8, 93-95, 142, 143,
174

Cross gain modulation (XGM), 201,
202, 257

Cross gain saturation, 198

Cross phase modulation (XPM), 203,
223, 257, 258

Cross polarization modulation, 222,
241

Cross talk, 29, 136, 138, 139, 217, 227

Defect, 4, 35, 44, 53, 100, 105
Degradation
rate, 53
SNR, 148, 149
Delayed interferometer (DI), 207,
244, 257, 258
Density of states, 37, 55, 59, 61-64,
66, 71, 72, 74
bulk, 71
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double heterostructure (DH), 62,
66, 85
photon, 198
quantum dot, 71, 76
quantum well, 62, 64
quantum wire, 71, 103, 104
valence band, 55
Detector, 5, 10, 148, 173, 214, 231,
255
Diffusion, 53, 54, 56, 57, 89, 94, 132
length, 53, 56, 57, 132
Dipole relaxation time, 16
Dislocation, 90
Dispersion
dispersion compressing fiber
(DCF), 245, 247
fiber, 143, 227, 252
group velocity, 132
high dispersion fiber, 227, 252, 253
phase, 217
Distributed Bragg reflector (DBR)
lasers, 174
Distributed feedback (DFB) lasers,
174-176, 184, 247, 252
Doped
Er, 227, 253
Fe, 98, 104, 115, 175
n-doped, 204
p-doped, 204
S, 87, 88
Zn, 86, 88
Double heterostructure (DH), 1, 6, 8,
24-26, 43, 52, 57, 58, 62, 66, 85,
135, 173

Effective index. See also Index of
refraction
difference, 244

Effective mass, 22, 37, 39, 41, 46, 58,
61, 69
conduction-band, 41
electron, 22, 46, 61
light hole, 37

Effective reflectivity, 28, 112, 114,
116, 117, 119, 121

Eigenvalue, 58
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Electrical equivalent circuit, 100-102
Electroluminescence (EL), 94
Energy gap. See Band gap
Energy level, 58, 59, 61, 63, 71, 72,
140, 165, 168
confined-particle, 58
Epitaxy, 4, 26, 81, 82, 85, 86, 88, 89,
105
chemical-beam, See Chemical-beam
epitaxy (CBE)
liquid-phase, See Liquid-phase
epitaxy (LPE)
metal-organic vapor-phase, See
Metal-organic vapor-phase
epitaxy (MOVPE)
molecular-beam, See
Molecular-beam epitaxy
(MBE)
strained-layer, See Strained layer
epitaxy
vapor-phase, See Vapor phase
epitaxy
Erbium (Er), 253
doped fiber amplifier, See Amplifier
External-cavity laser, 124
Extinction ratio, 154, 205, 206

Fabry-Pérot
cavity, 118
mode, 114
Facet, 1, 6, 10, 22, 27-29, 74, 94, 100,
111-122, 124, 129, 144, 162, 175,
178, 180, 190, 201, 204, 223
angled, 223
buried, 28, 99, 112, 115-118, 120,
122
cleaved, 1, 6, 27, 111, 113, 115,
116, 118, 119, 175
coating, 74
input, 162
low-reflectivity, 10, 96, 113, 129,
141
output, 6, 29, 178
reflectivity, 6, 22, 27, 28, 111-114,
118



292 Semiconductor Optical Amplifiers

residual reflectivity, 27, 100, 113,
118, 124
tilted, 121
with antireflection (AR), 99
Feedback
distributed, See Distributed
feedback (DFB) laser
frequency selective, 174, 175
Fermi
factor, 37, 62-64
level, 23, 25, 37
quasi-Fermi levels, 22, 37, 55
Fiber
dispersion compressing, See
Dispersion compressing fiber
(DCF)
high dispersion, See low dispersion
fiber
single-mode, 116, 177, 180
Field-effect transistors, 85
Filling factor, See Confinement factor
Fluorescence lifetime, 16
Four-wave mixing, 138, 183, 184, 186,
194, 208, 209, 213-215, 222, 242,
252
Fourier transform, 199
Frequency chirp, 136, 137
Frequency-shift keying (FSK), 143

Gain (optical), 1, 2, 6, 7, 9, 10, 16,
21-24, 2629, 35, 42-44, 52, 61-63,
70, 75, 76, 82, 100, 111, 112, 117,
118, 122, 124, 129, 131, 134, 138,
139, 153, 161-163, 165, 167, 169,
198
bandwidth, 16, 17, 156
condition, 37, 38
cross gain effect, 138
cross modulation, See Cross gain

modulation
dynamics, 156-158, 205
guided structure, 98
internal, 114, 117, 118, 143
maximum (peak), 16, 29, 40, 41,
63, 6567

measured, 27, 29, 117-121, 124,
158-160, 185
mode, 21, 27, 30, 65, 147, 199
modulation, 28, 112, 113, 138, 158,
165, 197, 200, 201, 203, 205,
214
nonlinear, 162, 166, 186, 188, 189,
191, 193-195, 197, 204
polarization dependence, 21, 64,
118, 124, 126
polarization independent, 10, 11,
26, 30, 32, 115, 141, 144, 173,
204
recovery, 157-165, 169, 206, 214,
225, 233, 235, 238, 239, 250,
251, 255, 257
ripple, 28, 112-114, 117, 118, 124,
125, 144
saturation, 9, 10, 17, 29, 117, 129,
130, 136, 138, 143, 158, 192,
193, 195, 197, 198, 214, 243,
244, 247, 257, 280
spectrum, 9, 16, 17, 27, 31, 38,
63-65, 72, 73, 111-113, 118,
158, 215, 216, 243
threshold. See Threshold gain
transparent SOA switch, 215, 216
Gain coefficient, 16, 42, 191, 200
Gain suppression, 162, 166, 167
Gaussian beam, 117
approximation, 116
Gaussian Halperin-Lax band, 40
Grating, 1, 92, 142, 145, 174-176
period, 174
Group velocity, 131
dispersion, See Dispersion

Hamiltonian, 58

Header processor (all optical),
279-282

Heterobarrier, 52, 54

Heterojunction, 24-26, 54, 55, 57,
100, 102

Heterostructure
Buried, See Buried heterostructure
Double, See Double heterostructure
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Holding beam, 160, 161, 206, 250

Hole burning (spectral), 158, 162,
164, 166, 168, 193-195, 205

Homogeneously broadening, 16, 72,
74

Homojunction, 23, 100, 102

Homostructure, 24

Index (of refraction) See also
Refractive index
effective, 113
Index-guided, 53
Inhomogeneously broadening, 72
integrated circuits
electronic, 177
photonic, 10, 26, 173, 174, 177
Integrated component, 10
Integrated gain, 162, 167, 190
Integrated laser and amplifier, 94,
148, 174, 175
Integrated SOA-MZI, 270
Intensity modulation (IM), 217
Interface recombination velocity, See
Surface recombination velocity, 53
Internal loss, 200
Internal quantum efficiency, 44
Intraband scattering time, 6466
Isolator (optical), 142-144

Kane model, 39, 46

Label swap, 9, 222
lateral direction, 6, 8, 94
Lateral index guiding, 116
Lateral optical guiding, 8
Laterally tapered waveguide, 178
Lattice constant, 4, 5, 69, 82, 83, 85,
90, 94, 105
Lattice mismatch, 4, 89, 90
Leakage
carrier, 43, 52, 54, 56, 57
current, 29, 56, 57, 100
diffusive, 56
drift, 56
effect, 100
electron, 56, 57
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heterojunction leakage, 54, 57
hole, 57
homojunction, 100
path, 100
total, 57
Lifetime
carrier, See Carrier lifetime
fluorescence, See fluorescence
lifetime
photon, See Photon lifetime
Light-current (L-I) characteristics,
122
Line-width enhancement factor, 113,
131, 135, 168, 179, 187, 189, 190,
199, 204, 229, 248, 250
Linewidth, 69
Liquid-phase epitaxy (LPE), 4, 81,
82, 85, 103
Local oscillator, 213
Longitudinal mode, 10, 27, 111, 112,
122-124
Lorentzian, 16, 64
Loss (optical)
carrier, 52, 54, 117
coefficient, 132
compensation, 250
coupling, 8, 93-95, 142, 143, 174,
178
diffraction, 8
fiber, 2, 141, 143, 178
interconnection, 91
internal, See Internal loss
mirror (facet), 43
reflection, 189
scattering, 178
transmission, 129
Luminescence, 90
electro-, See electroluminescence
photo-, See photoluminescence

Mach-Zehnder interferometer (MZI),
See SOAMZI

Matrix element, 31, 38-40, 65, 69

Maxwell’s equations, 188

Metal organic chemical vapor
deposition, 4, 26, 81, 85, 87, 91
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Metal organic chemical vapor phase
epitaxy (MOVPE), 87
Mirror, 43, 111
loop, 222, 237, 244, 279, 280
loss, See Loss
Mobility, 56, 57
Mode confinement factor, 21, 60, 104,
200
Mode locked, 159, 214, 215, 247, 252
fiber ring laser (MLFRL), 159
Modulation
amplitude, 69, 241
cross gain, See cross gain
modulation
cross phase, See cross phase
modulation
depth, 196
direct, 142
frequency shifted key modulation
format, See frequency-shift
keying (FSK)
intensity, 113, 217
sinusoidal, 201
small signal, 194-196, 200
Modulation bandwidth, 59, 209
Modulation frequency, 196, 197, 202
Modulator
electroabsorption, 92, 95
LiNbOs, 201, 214
Mole fraction, 82, 83
Molecular-beam epitaxy (MBE), 4,
26, 88
Multimode interference (MMI), 223
Multiplexing, 207, 212, 225, 253, 258
Multi quantum well amplifier, 30, 31,
60

Noise
amplifier, See Amplifier noise
shot, See Shot noise
signal spontaneous beat noise, 149,
151
spontaneous spontaneous beat
noise, 10, 130, 151-153
thermal, 148, 153, 154
Noise figure, 130, 148, 149, 154, 217

Nominal current density, 40-43, 63

Nondegenerate approximation, 46, 47

Nonlinear gain, 162, 166, 186, 188,
191, 193-195, 197

Nonlinear gain suppression factor,
162, 166

Nonradiative recombination, 4, 9, 28,
35, 43, 44, 53, 54

One-dimensional potential well, 26,
58
Optical amplifier. See Amplifier
Optical fiber, See Fiber
Optical filter, 159, 202, 208
Optical gain, See Gain
Optical logic
AND, 250, 252
Invert, 257
OR, 243
XOR, 221, 222, 235
Optical packet routing, 9, 221, 280,
281
Optical power, 16, 17, 29, 113, 143,
145, 148, 158, 162, 167, 179, 194,
200, 202, 204, 229, 249
Optical receiver, See Receiver
Optoelectronic device, 102
Oscillator
laser, 175
local, 213

p-n junction, 6, 8, 9, 23-25, 117, 204

Parity checker, 9, 221, 235, 268-273,
275

Peak-gain wavelength, 94, 96

Phase match, 187, 194

Phase shift, 113, 129, 179, 180, 204,
205, 210-212, 223, 229, 230, 233,
235, 236, 238, 242, 244, 247, 248,
252, 254, 255

Phonon, 36, 45, 48, 50, 51, 68, 69

Photodiode, 130, 145, 202
avalanche, See Avalanche

photodiode
Photoluminescence, 83
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Polarization
self-induced, 283
TE, 30, 31, 141

TM, 30, 31, 141

unit vector, 131
Population inversion, 149
Population inversion factor, 149
Power penalty, 143, 156
Power spectrum, 151, 152
Pre-amplifier, 141, 144, 146
Pseudo-eye-diagrams (PEDs), 231,

235, 255
Pseudo-random binary sequence

(PRBS) generator, 231, 276-278
Pulse compression, 252
Pump

beam, 184, 187, 190, 192, 195, 201,

202, 250

CW, 159, 201

intensity, 189

laser, 140

pulse, 159, 190, 192, 193

signal, 184, 185, 188, 190

Quality factor (Q factor), 231, 250,
255
Quantum dot, 10, 11, 32, 70, 71, 76,
91, 102, 105, 106, 165, 259, 284, 285
Quantum efficiency
internal, See Internal quantum
efficiency
unity, 42, 150
Quantum well
laser, 59, 69
multi-, See Multi-quantum well
amplifier
strained, 11, 30
Quarter-wave thick, 28, 112

Radiative
recombination, 2, 9, 16, 19, 35, 36,
38, 42-44, 64, 65
Rate equation
for pulse propagation, 10, 130
Received power, 142, 145

295

Receiver
optical, 140
Receiver sensitivity, 130, 141, 143,
145, 154, 155
Recombination
Auger, See Auger recombination
defect, 53
electron-hole, 1, 26, 31, 36, 44
nonradiative, See Nonradiative
recombination
radiative, See Radiative
recombination
surface, 53
velocity, See Surface recombination
velocity
Recovery time of SOA, 225, 257
Reflection
anti-, See Antireflection
effect, 142
internal, 8
residual, 180
Refractive index, See also Index of
refraction
background, 130
effective, See also Index of
refraction
Regenerator, 139, 140
Relaxation time
carrier, 64, 72, 158, 168
constant, 188
dipole, See Dipole relaxation time
intraband, 72, 73
Resonance, 10, 112
Ridge waveguide structure, 97, 98
Ripples, See Gain
Rise time, 134, 164

Sagnac gate, 235—237

Saturation energy, 158, 202, 229,
249

Saturation power, 9, 16, 19, 21, 26,
29, 30, 60, 104, 113, 120, 133, 139,
141, 144, 147, 162, 169, 173, 177,
179, 188, 195, 199, 202, 204

Self-phase modulation, 186
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Semiconductor materials, 2—4, 28,
112, 217
Semiconductor optical amplifier loop
mirror (SOALOM), 222
Semiconductor optical amplifier
Mach-Zehnder interferometer
(SOA-MZI), 222, 225, 226,
220-231, 233, 235, 252-254, 264,
270, 273, 278, 279, 281
Shot noise, 148, 149, 153
Signal-to-noise ratio, 130, 148, 203,
250, 258
Small-signal analysis, 200
Spectral density, 148
Spectral width See also Line width
Spontaneous emission
amplified, See ASE
spectral density, 148
Spontaneous emission factor, 149,
154-156
Spontaneous emission rate, 42
Spontaneous emission spectrum, 64,
114, 118, 122-125
Spot size conversion (SSC), 177, 178
Stern’s matrix element, 40
Sticking coefficient, 88, 89
Stimulated emission, 7, 15, 19, 21, 35,
37, 201, 202
STM (single transverse mode), 96
Strain
compressive, 69, 90, 91
tensile, 69, 91, 204
Strained layer epitaxy, 4, 89, 91, 105
Strained quantum wells, 31
Streak camera, 159, 208
Stress, 69
Stress aging test, 53
Stripe-geometry lasers, See also
Gain-guided semiconductor lasers
Super-Gaussian pulse, 134, 136, 137
Superlattice structure, 69
Surface recombination velocity, 53
Susceptibility, 130, 186, 242
Switching window, 225, 238

TE (transverse electric) mode, 20-22,
27, 30, 65, 111, 117, 119, 147
Terahertz Optical Asymmetric
Demultiplexer (TOAD), 222,
237-239, 266, 270, 282, 284
Thermal equilibrium, 54, 162
Threshold
current, 24, 42-45, 52, 53, 59, 69
current density, 44, 52, 69
energy, 46, 48, 68
gain, 43
TM (transverse magnetic) mode,
20-22, 27, 30, 65, 111, 117, 147
Total internal reflection, 8
Transistor
bipolar, 5, 85
field-effect, See field-effect
transistor
Transition probability, 30, 37
Transmission
Error-free, 130
system (optical), 1, 2, 17, 29,
139-141, 160, 190, 205, 213,
215
Transmitter, 140-142, 147, 177
Transverse modes, 132
Tunable lasers, 11
TWA (traveling-wave amplifier), 1,
10, 26, 27, 96, 111, 112, 118, 120,
129, 131, 190
Two-level system, 16

Ultrafast nonlinear interferometer
(UNT), 222

Undoped, 22, 23, 25, 40-42, 52, 67,
104, 115

Valence band, 6, 30, 36, 38, 42, 46,
48, 54, 55, 5961, 66, 69, 83, 159,
162

Vapor-phase epitaxy (VPE), 4, 81,
86, 87
metal-organic (MOVPE), See

Metal-organic vapor-phase
epitaxy (MOVPE)



Index 297

Waveguide Wetting layer, 72, 74, 76, 105, 165,
dielectric, 9, 19 166, 168, 169
mode, 187, 188
three-layer slab, 20 X-ray analysis, 82

Waveguide layer, 174

Wavelength chirp, See Frequency Zero net gain, See also Transparency

chirp
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