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WHERE ARE WE HEADING?

The principal applications of any
sufficiently new and innovative technology
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applications created by that new technology

..... Herbert Kroemer

We dedicate this Monograph
Strained-Si Heterostructure Field Effect Devices

to YOU, Sir.





Preface

Soon after Bardeen, Brattain, and Shockley invented the solid-state device in
1947, the microelectronics revolution started. Today, the world market for
semiconductors is beyond 200 billion dollars, of which 80% is dominated by
CMOS and interestingly, Si devices account for 97% of all microelectronics.
The semiconductor sales have doubled in every three technology generations.
However, the semiconductor industry is now facing tremendous challenges to
extend the integrated circuit (IC) performance to meet the ever-increasing
demand for complex functionality. Innovations in both the device structures
and new materials are needed to continue with the Si CMOS roadmap.

While introducing new structure innovations has always been an impor-
tant part of device scaling, the integration of new materials is facing serious
hurdles in order to meet the aggressive specifications of the International
Technology Roadmap for Semiconductors (ITRS). Although the idea of using
silicon-germanium (SiGe) and silicon strained-layer epitaxy toward bandgap
engineering in semiconductor devices is an old one, this concept has become
a reality only during the last two decades. It is expected that strained-Si will
set a new technology roadmap for the CMOS industry with enhanced per-
formance, however, with a minimum change in the existing Si infrastructure.
This is a solution the industry has been searching for the last few years.

Since the mid-nineties, there is a growing interest in bipolar and MOSFETs
designed with SiGe and strained-Si/SiGe as channels because of the potential
enhancement in performance due to improved carrier transport properties.
Recent integration of III-V layers on Si substrates has created tremendous
interest, even though the direct application of such technologies may not take
place in the near future. Novel channel materials may also support operation
at high power or temperature and lead to increased radiation hardness, and
band structure engineering would offer design flexibility and monolithic opto-
electronic circuits would likely become manufacturable. While the new devices
are expected to be highly innovative, they still have to meet the fundamental
criteria of functional capability and economic viability.

The purpose of the monograph is to survey the R&D strategy and address
the research needs associated with the front-end aspects of extending CMOS
technology via strain engineering. Areas covered include transistor structures,
front-end materials and processes along with their characterization, modeling
and simulation. Although lithography, back-end processes, circuit architec-
ture, design and test are very important areas that need to be addressed for
extending the CMOS, they are beyond the scope of this monograph.
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As the new device structures are expected to provide advanced features
from the materials in current use, the “material limit” is also being reached.
Additional performance boosts can only be expected from new materials with
superior electronic properties. Such properties may include high mobility (in
channel), high dielectric constant (gate dielectric), controllable work func-
tions (gate electrode), or low-resistivity (source/drain and associated con-
tacts). The integration challenges are far more complex than those involved
in the fabrication of bulk materials with specified properties.

Epitaxial technologies continue to emerge as a dominant processing step
for Si-based devices. The process development for strained-Si on SiGe further
points towards epitaxial processes playing an increasingly important role in
future electronic and optoelectronic devices. Introduction of new materials
brings in new metrology needs. These include metrologies for high spatial-
resolution strain measurement, atomic force microscopy for surface analysis,
dopant profiling and dose monitoring in small area and nonplanar topogra-
phies, and characterization of surface mobility in new substrates, such as,
SiGe and strained-Si. Similar requirements are in the modeling and simula-
tion, with the understanding that the new modeling and simulation tools have
to be provided with the supporting database and model parameters for the
materials involved.

Extension of CMOS to 22-nm node and beyond may require new nonclas-
sical MOSFET structures coupled with advanced materials and processes.
Classes of new materials include high-k gate dielectrics, metal and midgap
gate metal electrodes, strained-Si and silicon-germanium alloys. These new
materials will lower the gate leakage current and gate resistance and reduce
the poly-gate electrode depletion capacitance, and increase the device speed.
Nonclassical CMOS structures offer better control of short-channel effects, im-
proved Ion via higher channel mobility, lower load capacitance and lower prop-
agation delay time. These structures also offer lower Ioff and lower switching
energy.

Currently, strained-Si is the performance booster for extending Moore’s law.
Local strain (process-induced strain) approach towards strained-Si engineer-
ing, perhaps would be the simplest among the possible approaches. However,
scaling issues of local strain approach may require wafer-level uniaxial strain
to provide most of the total strain for future device generations. It is now
believed that wafer scale (substrate-induced) strained-Si will be as effective
as silicon-on-insulator (SOI) technology in terms of extending CMOS per-
formance. Additionally, the combination of new device structures and new
materials enables new operating principles that may provide new behavior
and functionality beyond the constraints of bulk planar or classical CMOS.
Implementation into manufacturing of nonclassical MOSFET device struc-
tures integrated with new materials and processes (for example, a strained-Si
channel integrated with a new high-k gate dielectric material) will be inter-
esting.

The theoretical assessment via simulation of nanodevices is a challenge be-
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cause band structures, arbitrary wafer orientation, quantum effects, and elec-
trostatics all are needed to be considered simultaneously. A systematic analy-
sis of the strain effects on bandstructure and mobility in deeply scaled n- and
p-MOSFETs with Si, SiGe, strained-Si and Ge channel is essential. In or-
der to assess and compare the performances of nanoscale CMOS devices with
novel channel materials (e.g., SiGe, strained-Si, and Ge), a new simulation
approach is also necessary.

In this book, current status and future trends in the strained-Si materials
and devices are discussed. This book is devoted to research and development
(R&D) Engineers and Scientists who are actively involved in extending the
roadmap for Si CMOS devices mainly via strain engineering. This monograph
may also serve as a reference for postgraduate and research students. By
introducing a diversity of R&D activities and results in this book, we hope to
ignite even more novel concepts and innovative thinking in the field.

C K Maiti
Indian Institute of Technology, Kharagpur, India

S Chattopadhyay
University of Newcastle, UK

and
L K Bera

Kulim Hi-Tech, Kedah, Malaysia
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1

Introduction

Technology changes along the lines of materials; we had the Stone Age, the
Bronze Age and the Iron Age. Maybe the last century will go down in history
as the Silicon Age. The field of material sciences has always provided the
innovations for new technology. Silicon has been the workhorse of the semi-
conductor industry over the past 50 years, the majority of the improvements
in devices has been achieved via device scaling.

For the field-effect devices, as described in two patents of Lilienfeld [1, 2]
and in a later patent by Heil [3], it took 35 years to turn their ideas into a
usable structure where a substantial modulation of the conduction could be
achieved. To reach this point fundamental insight into the characteristics of
semiconductor had to be obtained. In the forties and fifties of the last century,
the development of the semiconductor technology was directed toward bipolar
devices, whereas field effect devices received hardly any attention. The first
working metal oxide semiconductor field-effect transistor (MOSFET) became
available in 1960 [4]. This foundation let the MOSFET technique live up to
its potential and developed over the next 40 years into a technology of great
importance for the fabrication of ever faster devices of ever-smaller dimensions
at an ever-lower price.

Fig. 1.1 schematically illustrates the basic MOSFET device used in to-
day’s silicon chips. The basic fabrication process steps to manufacture such
a device have been broadly described in reference [5]. There are no serious
competitors to replace this device in the foreseeable future. The basic struc-
ture will continue to evolve to allow continued performance improvements,
but fundamental changes are unlikely in the next 10 years. The evolution of
Si semiconductor technology has so far followed a trend described by Moore’s
law, an industry axiom that predicts that the number of transistors on a chip
will double every 18 months, largely due to continued miniaturization known
as scaling. Scaling involves shrinking all of the critical dimensions of the de-
vice (such as the gate or channel length and gate oxide thickness) by roughly
the same factor. This in turn reduces the length of the path that electrons and
holes have to travel, making the current in the devices flow faster and con-
sume less power. Scaling is becoming more challenging with each successive
technology node, as fundamental technological limits of existing processes and
materials are being reached. The huge costs of scaling CMOS devices have
left the Si industry at a crossroad as Si chips can no longer shrink in size.

Silicon has so far served us well, but its fundamental properties in terms

1
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FIGURE 1.1
Schematic cross-section of a modern MOS transistor. After J. D. Plummer

and P. B. Griffin, Proc. IEEE, Vol. 89, 2001(240-258). With permission.

of carrier mobility and associated intrinsic performance are limited. These
limitations are now being exposed for various applications and the base Si
substrate material is being replaced for many devices. Also, continued tran-
sistor scaling will not be as straightforward in the future, as fundamental
limits are being reached not only in some of the key materials and processes,
but most importantly in the power density of these ultrasmall devices. With
gate lengths below 50-nm and gate oxides only a few atomic layers thick in
modern technologies, the amount of leakage current, in particular, is beginning
to dominate device behavior and limiting the capabilities of the conventional
downscaling. The major technology barriers to scaling CMOS and improving
performance now are: scaling power supply voltage, sustaining low leakage
current, and increasing drive current.

As scaling of Si CMOS is approaching its limits, innovative device struc-
tures and materials are actively being investigated to boost the performance.
Manufacturing practices in the Si CMOS industry are currently experiencing
difficulty, where new approaches are necessary in order to maintain improved
product capability within reasonable economic constraints. When approach-
ing the 22-nm technology node, advanced device structures will be needed to
overcome fluctuation problems associated with the small number of dopants
in the active region. While the new devices are expected to be highly innova-
tive, they still have to satisfy the fundamental criteria of functional scalability
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TABLE 1.1

Evolution of CMOS technology.
Technology node Year Metal Supply Oxide Vt (V)

μm level voltage (V) thickness (A)
0.7 1988 2 5.0 200 0.7
0.5 1992 3 3.3 120 0.6
0.35 1994 5 3.3 75 0.5
0.25 1996 6 2.5 65 0.45
0.18 1999 7 1.9 50 0.40
0.12 2001 8 1.5 40 0.30

90-nm 2004 8-9 1.0 35 0.25

and economic viability.
The improved transport properties of new channel materials, such as strained-

Si, SiGe, Ge and III-V semiconductors, along with new device designs, such
as dual-gate, tri-gate or FinFETs, are expected to enhance the performance
of nanoscale CMOS devices. Novel process techniques, such as atomic layer
deposition (ALD), high-k dielectrics, and metal gates are now being used in
exploratory device structures. New materials in the channel promise reduced
series resistance and higher drive currents. As the end of the Si roadmap
is approached, strained-Si channel will offer a way to improve the MOSFET
drive current along with transistor downscaling.

Current nanometer-scaled MOSFETs are true short-channel devices, the
structure of which has to withstand drain-induced barrier lowering (DIBL)
without exceeding the maximum source-drain leakage current that can be
tolerated by the application. Devices dimensions are now well into tens of
nanometer regime and serious doubts are being raised regarding the ability
to scale down the gate length of conventional bulk-Si MOSFET below 30 nm.
Because the subthreshold slope and built-in potentials cannot be scaled, the
threshold voltage cannot be reduced too much without the leakage current
becoming excessive. Although the total power dissipation could be managed
by forced cooling, the power dissipation through drain-to-source and gate-
to-channel leakage currents will become increasingly detrimental to circuit
operation and will limit overall performance.

Table 1.1 shows a set of key MOSFET parameters and their evolution with
time and the technology node. It is important to note that there has been
a tremendous increase in number of metal interconnects leading to increased
circuit density and reduction in power supply voltage with lower power con-
sumption. Reduction in the gate oxide thickness down to atomic scale values,
although increasing the speed, leads to higher leakage current. The power
supply decrease is the consequence of the reduction of the MOS gate oxide
thickness, which, however, induces a lower oxide breakdown voltage. One also
notices the slow decrease of the threshold voltage of the MOS devices. The
results indicate that even if highly idealized device structures are assumed,
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FIGURE 1.2
Feature size vs. time in silicon ICs. After J. D. Plummer and P. B. Griffin,

Proc. IEEE, Vol. 89, 2001(240-258). With permission.

only limited improvements over the conventional MOSFETs can be achieved
by the channel engineering techniques. Most of the history represented in Fig.
1.2 has been achieved with MOS transistors, and with a limited number of
materials such as Si, SiO2, Al, Si3N4, TiSi2, TiN, and W. Fig. 1.2 summarizes
the trends in feature size over time.

Recently a 65-nm generation logic technology with 1.2-nm physical gate
oxide, 35-nm gate length, enhanced channel strain, NiSi, 8 layers of Cu inter-
connect, and low-k interlayer dielectric (ILD) for dense high performance logic
has been reported [6]. Transistor gate length is scaled down to 35-nm while
not scaling the gate oxide as a means to improve performance and reduce
power. Increased nMOS and pMOS drive currents are achieved by enhanced
channel strain and junction engineering. The supply voltage cannot be scaled
as fast as the dimensions of the devices, resulting in larger electric fields and
reliability issues. Because the subthreshold slope and built-in potentials can-
not be scaled, the threshold voltage cannot be reduced too much without the
leakage current becoming excessive.

Higher channel dopant concentrations and more abrupt, shallower source-
drain (SD) junctions have been used to control short-channel effects (SCE)
at very short gate lengths. Doping requires quite precise profile design and
process control, whereas increasing channel doping concentration degrades
carrier mobility, lowering the drain current. Statistical fluctuation of channel
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FIGURE 1.3
Channel transport and universal mobility in Si. Electron mobility may be

enhanced (∼ 2×) by substrate-induced strain in Si. After S.-I. Takagi, ULIS
2004 Lecture Materials.

dopants causes increasing variation of the threshold voltage, posing difficulty
in circuit design while scaling the supply voltage. These result in detrimental
effects such as degraded mobility, dopant fluctuation effects, and increased
series resistance.

In order to circumvent some of the scaling issues, new materials and device
architectures are being integrated into CMOS devices in order to maintain
the historic CMOS performance trend. The important research needs may be
organized into six major categories;

(a) Substrate Engineering,
(b) Gate Stack,
(c) Junctions and Contacts,
(d) CMOS Compatible Device Structures,
(e) Technology Modeling and Simulation, and
(f) Characterization.
Given the limitations associated with further reduction of the gate length

in the quest to continue to increase device speed, the only alternative is to
enhance the carrier (electrons and holes) mobility in the channel. Mobility
can be improved by using a variety of new Si technologies, including strained
silicon (strained-Si), silicon-germanium (SiGe), SiGe on silicon-on-insulator,
as well as combinations of these materials (see Fig. 1.3). The impact of
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FIGURE 1.4
Biaxial strain increases electron mobility above the universal Si mobility

curve. Both Id and gm are enhanced. After K. Rim et al., IEEE IEDM Tech.
Dig., 1998(707-710). With permission.

enhanced mobility on drive current in a strained-Si n-MOSFET is shown in
Fig. 1.4. One of the most promising alternatives for the replacement of
bulk-Si substrates in the CMOS industry is now the heterostructure Silicon
technology. For the Si substrate, silicon-on-insulator, which improves chip
performance via capacitance reduction, has been introduced in production
and is on the roadmap of most major Si chip companies. Faster chips can be
made by using other materials such as gallium arsenide. But gallium arsenide
is much more expensive than Si. Worse yet, making chips of it requires an
entirely different process than that used for Si.

Increasingly new materials need to be introduced in technology development
due to physical limits which otherwise would prevent further scaling. This is
required especially for gate stacks, interconnect structures, and photoresists.
In consequence, equipment, process, device, and circuit models must be ex-
tended to include these new materials. Furthermore, computational material
science needs to be developed and applied to contribute to the assessment
and selection of new materials in order to reduce the experimental effort. An
excellent review of CMOS material and structural changes during the past 40
years, and their future trends, can be found in reference [7].

In this book, we will focus primarily on “front-end” issues (structures, pro-
cesses, and materials associated with the switching devices). However, the
objective of this chapter is to highlight some of these new innovations, and to
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survey the current progress and potential. We shall focus on front-end materi-
als and processes, as well as advanced transistor structures. It is particularly
intended to address the research needs associated with the front-end aspects
of extending CMOS technology.

Areas including transistor structures, front-end materials and front-end pro-
cesses, along with their characterization and modeling/simulation infrastruc-
ture to extend front-end fabrication of CMOS from the 65-nm node to its
ultimate limit at or beyond the 22-nm node, will be covered. Research needs
related to “beyond CMOS” technologies will also be addressed. Historically,
new process generations have been limited by the lithographic capability to
transfer ultra-small patterns required by the new technology. However, the
needs associated with lithography, back-end processing, design, and test are
beyond the scope of this book.

1.1 Heterostructure Field-Effect Devices

Although the SiGe HBTs at present dominate the commercial silicon het-
erostructure devices, the first Si-based heterostucture field-effect transistor
(hetero-FET) was demonstrated in 1986 [8]. These earliest hetero-FETs were
Schottky-gated, III-V-like n- and p-channel modulation doped devices, which
gave rise to a variety SiGe-based MODFET topologies. Recently, the field-
effect devices have centered on strained-Si MOSFETs, because of their better
compatibility with mainstream CMOS processing, and the impressive mobil-
ity enhancements that have been realized in aggressively scaled gate lengths.
Two fundamentally different ways of producing strained-Si CMOS exist, uti-
lizing both biaxial and uniaxial strain techniques.

Strained-Si technology, the introduction of elastic strain in Si transistor
channels, is the most widely accepted method for enhancing the carrier mo-
bility of Si. There are two variants to strained-Si technology that have been
researched and demonstrated: (a) local (process-induced) strain introduction
via transistor module engineering and (b) global (wafer-scale) strain intro-
duction via SiGe (SiGe) epitaxial processes (and layer transfer processes for
global strain with SOI). Besides using substrate to provide stress in channel,
strain effects induced during the fabrication process can increase the chan-
nel mobility. Both tensile and compressive stresses can be introduced to the
channel in any one of the three dimensions by different process techniques.
Several stress-transfer techniques (such as etch-stop liner and stress trans-
fer via strained-SiGe) using extra integration process into an existing base-
line process have been reported. In addition, new preparation techniques of
strained-Si surface (e.g., biaxial tensile stress) and different substrate orienta-
tion to enhance mobility will be introduced. The challenges and importance of
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TABLE 1.2

Reported enhancements in MOSFETs with local and global strain
engineering techniques.

Manufacturer Strain Lg nMOS Idsat pMOS Idsat Ref.
Type (nm) Enhancement Enhancement

Freescale/TSMC/ Global 150 28% 12% [11]
SOITEC (on SOI)

IBM Global 67 35% N/A [12]
IBM/Sony/Toshiba Local 45 11% 20% [13]
AMD/Chartered (on SOI)

Intel Local 45 10% 25% [14]
Intel Global 140 24% N/A [15]

Toshiba Global 40 N/A 19% [16]
AMD Local 40 13% 20% [17]

(on SOI)
AMD Global 25 25% N/A [18]
TSMC Global 60 15% N/A [19]

each method will be discussed and compared. In addition, we shall highlight
how the stress oriented from the layout geometry affects the device electrical
behavior. The issues and improvement in the circuit level device modeling
will be discussed.

Channel engineering in the form of strained-Si on relaxed-SiGe substrate,
compressive SiGe in the channel or in recessed SD region has received much
attention as materials options to increase drive current in CMOS devices [9].
However, there exists many challenges such as dislocations, surface roughness,
Ge and dopant diffusion which need to be addressed for successful integra-
tion of strained-Si in mainstream CMOS technology. High-k gate dielectrics
offer another opportunity to enhance CMOS devices by enabling scaling the
effective oxide thickness (EOT) of gate dielectrics to below 1-nm with signif-
icantly reduction of gate leakage currents. However, the implementation of
high-k gate dielectrics is still problematic in CMOS devices. The use of high-k
dielectrics can result both in mobility and reliability degradation [10]. Table
1.2 summarizes several transistor performance results based upon global and
local strain engineering techniques.

1.2 Substrate Engineering

Introduction of strain to delay the need for integration of new materials, such
as high-k and further channel/gate scaling by at least one generation, may be
viewed as a viable technology node extender. Mobility enhancement in Si has
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been demonstrated utilizing engineered substrates, for example, by straining
the Si channel. Electron and hole mobility may also be optimized separately
by patterning substrates to expose different Si crystal faces for each device.
Even faster complementary MOS (CMOS) logic operation would be attain-
able with high mobility channel materials, e.g., Ge or III-V semiconductors.
New metrology needs for material and structure characterization are rising.
These include metrologies for high spatial-resolution strain measurement of
patterned surfaces, dopant profiling and dose monitoring in small area and
nonplanar topographies, and characterization of surface mobility in new sub-
strates such as SiGe and strained-Si.

1.2.1 Substrate-Induced Strain Engineering

Strained-Si technology enables improvements in CMOS performance and func-
tionality via replacement of the bulk, crystalline-Si substrate with a Si sub-
strate that contains a tetragonally distorted, biaxially strained-Si thin film at
the surface. In fact, the improved performance comes from the properties of
the strained-Si itself. Rather than shrinking the size of the transistor, strained-
Si technology changes the nature of the wafer itself by slightly stretching the
placement of the atoms. This increases mobility permitting electrons to travel
faster. In strained-Si technology, the substrate fabrication involves generally
UHV epitaxy techniques for large-scale production. However, strained-Si lay-
ers have also been produced using industry-standard low-pressure Si epitaxy
systems, such as the ASM Epsilon and Applied Materials Epi Centura plat-
forms.

The strained-Si layer is produced by depositing a thin layer of Si on an
alloy layer of Si and Ge onto a Si substrate. The top Si layer is strained at
the Si/SiGe interface because lattice of SiGe exerts a strain on the thinner
top Si layer, stretching the Si lattice slightly. Further, by controlling the
amount of Ge in the bottom SiGe layer, the amount of strain produced in
the overlying Si layer can be manipulated. It was discovered that the lattice
mismatch between Si and Ge atoms could be accommodated by a finite degree
of lattice distortion [20]. This distortion or strain actually offers the advantage
of allowing electrons and holes to move faster (or have higher mobility). This
increase in carrier mobility is attributed to a modified Si band structure that
lowers the resistance to electron and hole movement in the material. As a
result, the use of strained-Si increases electron and hole mobility, and results
in higher drive current (10-35%). Increased drive current means increased
transistor speed and a 30% speed gain can be translated into roughly two-
times lower power consumption. Thus, strained-Si offers a relatively easy way
to make more powerful chips with low-power consumption.

Besides strained-Si in the traditional (100) plane, it may be advantageous
to change the crystal orientation to optimize CMOS circuit performance. The
carrier mobility of inversion layers depends on surface orientation and current
flow directions, due to asymmetry of the carrier effective masses in the Si
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crystal lattice [21]. Recent progress has also demonstrated the evolution of
the strained-Si bulk MOS structure, such as the strained-Si on SiGe on in-
sulator (SGOI) MOSFET [22, 23], and the strained-Si directly on insulator
(SSDOI) MOSFET [24, 25, 26]. Having a highly strained-Si channel [27] or
using a different orientation (110) substrate [28] in p-type MOSFETs, the
performance match between the n- and p-MOSFET for CMOS applications
might be achieved.

Strained-Si holds out the promise of a big performance enhancement with-
out the need for a major overhaul of the existing chip manufacturing process.
However, strained-Si wafers cost more, while a standard eight-inch wafer is
about $120, the strained-Si wafer may cost 2 to 3 times more. Growing the
kinds of SiGe-graded layers required to produce strained-Si typically poses
two problems: (a) defect propagation into the strained-Si layer and (b) sur-
face crosshatch. Chemical-mechanical polishing in conjunction with epitaxy
techniques developed by Amberwave, makes grading of the epitaxial layer for
producing good strained-Si layer.

Freescale Semiconductor and the Soitec have made an important advance-
ment in strained-Si technology for next-generation devices. They have an-
nounced an approximate 70% increase in electron mobility, as well as high
compatibility with existing SOI CMOS processes while optimizing CMOS de-
vice performance at the sub-65 nm nodes using strained silicon-on-insulator
(SSOI) engineered substrates.

1.2.2 Process-Induced Stress Engineering

Process-induced stress requires different stress types (compressive and ten-
sile for n- and p-channel, respectively) to simultaneously improve both n- and
p-channel devices. For the last several years, strain developed during semicon-
ductor manufacturing was becoming recognized as offering the best potential
to enhance performance in sub-100 nm process technologies. A novel strained
transistor architecture has been developed, incorporating epitaxially grown
strained-SiGe source-drain regions for p-MOSFETs and a highly tensile silicon
nitride capping layer for n-MOSFETs [14]. Although process-induced stress
has been used to achieve significant mobility enhancements in short-channel
devices (e.g., ∼ 2× for holes in 65-nm technology), the Si/SiGe materials
system has the potential to achieve very large improvements in mobility.

Intel’s approach to form strained-Si through a MOS transistor channel is
by using embedded SiGe, which attributed to uniaxial compressive channel
stress. Intel’s announcement that it would put strained-Si into production in
its 90-nm process for forthcoming Pentium 4 processors has underlined the
growing gap between the technologies. The integrated Intel process combines
strained-Si processing, copper interconnects, and low-k dielectric materials
with high-performance, and low-power transistors. The transistors in Intel’s
90-nm process have gate lengths of 50-nm and have the gate oxide thickness
of 1.2 nm. Thinner gate oxides and ultra-shallow doping profiles help make
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FIGURE 1.5
Carrier mobility in the inversion layer with various substrate orientations.

Electron mobility is highest on (100) substrate while hole mobility is highest
on (110) substrate with current flow along <110> direction. The gate oxides
(about 2-nm thick) were grown simultaneously in N2O ambient at 800oC in
conventional thermal furnace. After M. Yang et al., IEEE IEDM Tech Dig.,
2003(453-456). With permission.

sure the transistor works properly with such a short channel length.
Although putting a controlled layer of Ge into place is a challenging task,

the improvement in the current drive and, therefore, the switching speed
of transistors is expected to outweigh the extra cost involved in using the
strained-Si technology. However, in this approach, it is difficult to predict
how much advantage may be achieved as one has to overcome the surface
defects that can interfere with gate formation.

1.2.3 Orientation-Dependent Mobility Engineering

Besides substrate-induced and process-induced stress engineering, wafer sub-
strate orientation and channel orientation can improve mobility. Different
surface orientation and direction of applied field for different in-plane stress
provide different interaction with carrier transport [29]. Another approach
to improve on the mobility and current drive capabilities of Si involves the
exploitation of the mobility anisotropy of Si. Fig. 1.5 shows the mobility of
electrons and holes for different surface orientations and in the case of the
(110) surface, two different in-plane channel directions. It is well-known that
electron mobility is highest for the traditional Si substrate/transistor configu-
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ration, which includes a (100) surface with a <110> channel direction, while
hole mobility is highest for a (110) surface with a <110> channel direction.
A hybrid substrate configuration [28] has been proposed to allow for the ul-
timate mobility configuration for each carrier. It should also be noted that
even without a change in surface orientation from the traditional (100) sur-
face, hole mobility has been reported to increase via rotation of the channel
direction by 45o from the <110> direction to the <100> direction [30, 31, 32].
This effect has been reported to be used in 90-nm node products [33]. As with
conventional Si surface and channel geometries, the introduction of strain in
tandem with different substrate/channel orientations is under investigation
[34, 35].

1.3 Gate Dielectrics on Engineered Substrates

Perhaps the most significant sign of the change in the Si industry is that
the new materials, such as high-k materials, are being taken seriously as re-
placements for SiO2 as a gate dielectric and isolation layer. The SiO(N) gate
insulator in Si-based MOSFETs has been scaled close to its physical thickness
limit. To further increase chip performance by using novel materials, the fo-
cus has been on high-permittivity (high-k) gate insulators and on metal gate
electrodes; increasing the carrier mobility in the channel is the next challenge.

New materials such as high permittivity dielectrics will eventually replace
the thermal gate oxide or oxynitride to reduce gate leakage and further im-
prove the drive current with scalable equivalent oxide thickness (EOT). A
good high-k material will need to be thermally and chemically stable, have
reasonable dielectric value, and result in good silicon and gate electrode inter-
face properties. The high-k dielectric thickness needs to be carefully chosen
to avoid interfering with the scalability of the device.

The concurrent reduction of the gate oxide thickness with the channel length
results in a large tunneling current. As the gate oxide scales below 15 Å,
the gate leakage current is becoming larger than the off-state current of the
device required for low power consumption at the 65-nm technology node
and beyond. Excessive gate leakage current due to ultra-thin oxide films will
necessitate the introduction of high-k material. The technology barriers with
high-k dielectric and metal gate are:

• Scaling SiO2 gate dielectrics
• Doping limits in silicon and polysilicon
• Ion implantation limits
• Threshold voltage scaling limits
• Bulk CMOS structure limits
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1.4 Strained-Si Technology: Process Integration

The next consideration for strained-Si is the fabrication of strained-Si devices
and circuits. Strained-Si technology provides great performance benefits for
CMOS, but as with any new technology that is introduced to a manufacturing
infrastructure, the ease with which it is adopted is very dependent on the
number and severity of changes the new technology requires. Strained-Si
technology has attracted the attention of chip designers since the mid-1990s.
The strained-Si is a technology based on growing a layer of SiGe alloy on
top of a Si wafer. About 4.18% lattice mismatch between Si and Ge causes
crystalline defects in SiGe film made by epitaxial deposition. During the
deposition of SiGe layers, it is important to avoid a surface defect problem
called crosshatch. The ability to neutralize the crosshatch problem enables
one to deposit up to 100% Ge in the SiGe layer. Amberwave’s strained-Si
technology eliminates the surface roughness and defect problems that plague
other strained-Si technologies.

Although the majority of early studies have mainly focused on the mobility
and performance of long-channel devices, recent studies have shown possible
performance improvement of strained-Si MOSFETs with even sub-100 nm
gate lengths. The typical process steps used for the fabrication of CMOS
circuits were used for strained-Si substrates, which means that no equipment
changes or specialty processes are required. The semiconductor R&D commu-
nity has striven for more than 10 years to develop strained-Si as a cost-effective
manufacturing alternative.

One feature of strained-Si technology that distinguishes it most from bulk-Si
technology is the fact that the thickness of strained-Si layer, which is limited
in thickness due to critical thickness constraints, cannot be stripped indiscrim-
inately. This limits the use of aggressive cleaning strips and other processes
that are commonplace in the Si industry. In practice, as long as approxi-
mately 5-nm of strained-Si remains at the end of the processing sequence, the
transistors will exhibit optimal performance.

It is important to note that the equipment and processes used in standard
epitaxial Si wafer processing can be readily implemented for the manufacture
of strained-Si substrates and no new manufacturing infrastructure is required.
However, there may be specific modules that need to be modified, as the
material properties of the strained-Si substrate are somewhat different from
bulk-Si. For example, dopant activation and dopant diffusion characteristics
are altered due to the presence of Ge in the substrate. This results in different
thermal budgets for strained-Si technology.

The presence of the SiGe layer in strained-Si substrate leads to several
material- and integration-related challenges. For example, SiGe strain relax-
ation layer induces high density of defects in strained-Si. Dopant diffusion rate
in SiGe is significantly different from that in Si. Boron diffusion is retarded
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while arsenic diffusion is enhanced. Additional efforts in junction engineering
to control short channel effects and to set the MOSFET threshold voltages
to the desired values are required. Significant device self-heating is also ob-
served in strained-Si/SiGe devices because of the lower thermal conductivity
in SiGe. The strained-Si technology faces three key challenges: short-channel
effect, silicon dislocations, and keeping the strain level during manufacturing.
However, strained-Si technology has not shown any known yield-limiting is-
sues so far. Although early research has focused primarily on n-MOSFET
devices for the ease of electron mobility, however, recent demonstrations in
current improvements are of more than 40% in p-MOSFETs.

Fabrication of strained-Si circuits with symmetric n- and p-MOSFET with
high drive current has been demonstrated. It is also possible to build dual-
gate devices by combining strained-Si with an SOI substrate in an attempt to
overcome difficult performance problems with CMOS scaling. As the infras-
tructure for circuit design does not change with strained-Si technology, one
can expect the SPICE models and design libraries similar to those available
today from the fabrication will remain almost the same.

1.5 Nonclassical CMOS Structures

So far, industry focus has concentrated on transistor scaling via shortening
of the transistor gate length and transistors fabricated at technology nodes
below 0.13 μm show a rapid decrease in drive current. Existing capabilities
of conventional Si substrates will not be able to meet ITRS roadmap specifi-
cations. Fig. 1.6 is a plot of device delay vs. the power consumed for various
material systems [36]. Fig. 1.6 shows a plot of I/CV, essentially the figure of
merit for digital ICs, which is directly correlated to power-delay product. It
is apparent that unless drive current enhancements are introduced, produc-
tive scaling would end [37]. New substrate materials are being implemented
to continue this scaling [38, 39, 40, 41]. With the use of biaxial strained-Si
layers, drive current enhancements were shown to be achievable with imple-
mentation of strain, as seen in the strained-Si curve for I/CV, based on the
assumption of a gate-independent enhancement of 20%. For the present, it
is thus possible to stay at a given technology and obtain increase in drive
current without further scaling.

For over four decades now, the semiconductor industry has relied mostly on
shrinking transistor geometries for improvements in both circuit performance
and density, resulting in a consistent reduction of cost per function for each
new technology node. These include strained-Si, SiGe, high-k gate dielectrics,
metal gates, ultrathin body fully depleted SOI (FDSOI), and then multi-gated
devices (e.g., FinFET). As CMOS technology continues to scale down, the
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FIGURE 1.6
Power-delay product for digital integrated circuits. This diagram shows how
both materials and device affect the power-delay product. The dashed lines
are lines of equal switching energy. Regions are indicated that can benefit
most from engineered substrates with higher mobility layers (i.e., materials
with lower power-delay product). Low power, high power, and scaled high
mobility platform regions are indicated. After D. J. Paul, Thin Solid Films,
Vol. 321, 1998(172-180). With permission.

FDSOI and double-gate FET (DGFET) technologies offer potential solutions
to control short-channel effects by reducing the silicon film thickness and a
concurrent scaling of the buried oxide thickness.

Nonclassical MOS transistor structures such as thin-body silicon-on-insulator
and double-gate transistors can be scaled more aggressively than the classical
bulk-Si structure, and hence may be adapted within the next five years, at the
65-nm technology node (25-nm physical gate length). These advanced struc-
tures have distinctly different materials and process technology requirements
and associated challenges.

To continue MOSFET scaling to less than Lg = 20 nm, it is quite likely
that the device structure will change to advanced nonclassical CMOS such
as multiple-gate, ultrathin body (UTB) MOSFETs. In these devices, various
“technology boosters” such as mobility enhancement by strained-Si, elevated
source/drain, high-k gate dielectric, and metal gate electrode, will likely be si-
multaneously implemented with the new device structure. In UTB MOSFETs
having less than 10-nm Si thickness, various quantum effects will impact the
electric characteristics. Toward the end of the roadmap, devices will increas-
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ingly be operated in the quasiballistic mode, where the current gain will be
enhanced by parameters different from those currently known. Choice of the
optimum device structures, their physical characterization, and construction
of cost-effective processing flows will become very important along with con-
struction of their circuit architecture. Nanotubes and nanowires may finally
be long-term alternatives due to their aspect ratios, which bring them close
to being ideal one-dimensional (1D) systems.

However, each of the aforementioned components can result in incremen-
tal improvements to CMOS devices; it is anticipated that once the device
shrinks beyond the 90-nm node, multiple combinations of these components
will be required to achieve the requisite performance improvement and power
consumption reduction.

1.6 Strain-Engineered Hetero-FETs:
Modeling and Simulation

With the adoption of stress engineering as a key component of the new device
architectures, modeling of the front-end stress and associated stress enhance-
ment of mobility has become increasingly important for scaling of CMOS
devices [14, 42]. The sources of stress in silicon technology come from a va-
riety of strain generated by different processes such as oxidation, thermal
mismatch, intrinsic stress, and dopants. Stress modeling is becoming a very
important part of the simulation methodology needed to help evaluate and
engineer improved device performance due to stress. However, it must be
used along with calibrated process simulation for doping profiles and a device
simulator that correctly models the change in device characteristics due to
stress.

In the area of modeling, as atomic distances are approached, understand-
ing and modeling the complex operation of nano transistors become extremely
challenging. Bottoms-up chemical perspective of engineering molecular archi-
tecture and correlating precise molecular components with device function
will offer new insights into fundamental semiconductor dynamics, facilitate
cost-effective manufacturing, and stimulate new possibilities. In addition, a
new concern arises about whether the scaling could continue. Also aggres-
sive scaling of the gate length for high-performance applications makes device
parameter optimization quite difficult. Ultrashallow junction formation for
suppressing the short-channel effect cannot be achieved without incurring a
significant increase of parasitic resistance.

Emerging nanoscale semiconductor physical phenomena need to include the
following:

• Microscale to nanoscale dimensions
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• Single dopant effects
• Surface/interface dominance
• Interface-to-interface interactions in nanoscale devices
• Materials fabrication - reaction kinetics and defects and dislocation
• Nonperiodicity effects
• High field effects
• Single-particle transport phenomena

Advanced MOSFET device physics should include:
• MOSFET structure design
• Short-channel effects
• Electric field distributions in channel and source/drain
• Equilibrium bulk and interface properties which determine performance
• Gate oxide/semiconductor interface control and engineering
• Transient charge carrier transport

1.7 Summary

Attempts are being made to identify the avenues of research solutions pro-
posed by ITRS to address the future technology needs extending front-end
fabrication of CMOS from the 65-nm node to its ultimate limit at or be-
yond the 22-nm node. Emphasis is being placed on front-end processing and
materials, and device structures, along with the supporting characterization,
modeling, and simulation techniques. A multidisciplinary effort is required to
lead this exciting field to fruition.

In this chapter, we have presented several issues involved with new materi-
als and structures being introduced into Si CMOS technology, and presented
some possible potential solutions to enable high-performance and low-power
CMOS for the 45-nm technology node and beyond. Various technology in-
novations (“technology boosters”), such as strained-Si, metal gate, ultrathin
body SOI MOSFETs, and multiple-gate MOSFETs, including FinFETs, have
been introduced. The proposed solutions should be pursued concurrently with
circuit design and architecture improvements, particularly to manage power
dissipation.

In the view of the limitations to increase device performance through con-
tinued scaling, manufacturers now may find an opportunity in strained-Si to
get a reasonable performance enhancement with a relatively simple change in
starting materials and hence the cost. However, there are many reasons to
believe that continued device scaling will not be as straightforward in the fu-
ture as it has been in the past. Practical and/or fundamental limits are being
approached and substantial changes to device technologies and structures are
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going to be required. While “inventions” and new materials have largely not
been needed for the past 30 years, they surely will be needed over the next 15
years. This period will likely be the most challenging that the semiconductor
industry has faced because it is likely that during this period we will really
understand how far Moore’s law can be extended.

With highly creative discoveries and developments of new materials, pro-
cesses, and transistor structures, many of the challenges have been met so
far. Communication between scientists and engineers working in the fields
of (a) physics, chemistry, growth, and fabrication of novel substrate materi-
als, (b) device fabrication, (c) characterization, and (d) modeling needs to be
increased. However, it may be noted that most of the industry has not yet
embraced most of the advanced substrates and device structures that have
been demonstrated at the research level.
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2

Strain Engineering in Microelectronics

After more than three decades of continued progress in CMOS devices tech-
nology, especially aggressive scaling in the last few years, the CMOS scaling is
now approaching the fundamental limits. As we enter the nanometer regime,
stress from standard process steps such as source/drain doping introduce sig-
nificant stress in the channel of MOSFETs. With the continuing reduction
of device dimensions, the impact of process-induced stress on device perfor-
mance is becoming increasingly important. Besides scaling, several innovative
mobility enhancement techniques are being attempted to maintain the CMOS
performance improvement. Mobility enhancement is attractive because it im-
proves device performance without device scaling. However, continued minia-
turization increases device complexity and internal mechanical stress. The
stress may cause dislocations, film cracking, and degradation of gate oxide
quality. To reduce or avoid the buildup of stress during processing, it is im-
portant to identify the stress causing process steps, and locate high-stress
areas with high spatial resolution.

It has been shown that the introduction of a compressive and/or tensile
stress in the Si channel can improve the mobility of both carrier types and, in
turn, increase the n- and p-MOSFET drive currents [1, 2]. Various methods
have also been proposed to induce the desired biaxial tensile strain in the
channel such as via the use of a SiGe virtual substrate [3], tensile films [4], or
mechanical force [5, 6].

Thin films such as silicon nitride, silicon dioxide, and polysilicon are fre-
quently encountered in device fabrication; these films contain intrinsic stresses
as a result of the deposition process. With the continuing reduction of device
dimensions, the impact of the isolation process on device performance also
becomes increasingly important. A major concern when scaling LOCOS and
shallow trench isolation (STI) structures is the buildup of localized stress near
the isolation edge, often leading to dislocation formation and degrading device
characteristics.

Compressive stresses are introduced by shallow trench isolation (STI) to-
ward channels longitudinally and laterally. At STI, a large volume of oxide is
deposited in a trench to create isolation structures. Residual stress from STI
can arise from multiple factors upon cooling from high temperatures above the
oxide glass transition. The volume contraction between the silicon and oxide
results in stress from thermal expansion. Further, densification of the oxide at
high temperatures due to changes in bonding can build up intrinsic residual

23
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FIGURE 2.1
Effects of stress on CMOS performance. After V. Chan et al., IEEE 2005

CICC Conf., 2005(667-674). With permission.

stress in the STI oxides. This residual stress is compressive for most com-
monly used oxide filling materials. Compressive stresses can be introduced by
shallow trench isolation toward channels longitudinally and laterally. n- and
p-MOSFETs show different enhancements in three directions, namely longi-
tudinal, lateral and Si depth directions (see Table 2.1) for applied channel
strain as shown in Fig. 2.1 which shows the possible directions of uniaxial
stresses and their effects on n- and p-MOSFETs. Mechanical stress breaks
crystal symmetry and removes the two-fold and six-fold degeneracy of the va-
lence and conduction bands, respectively. The strains created at the isolation
edge decay monotonically toward the middle of the channel, and the distance
between the gate edge and isolation edge determines the actual strain in the
channel.

The introduction of strain changes the mechanical, electrical (band struc-
ture and mobility), and chemical (diffusion and activation) properties of a
semiconductor. The various effects of stress and strain on silicon and sili-
con technology have been studied since the 1950s. Most significant to silicon
technology are the changes in band gap, effective mass, mobility, diffusivity
of dopants, and oxidation rates [7]. The strain effects on mobility were found
to be anisotropic and carrier effects were found to be different for bulk silicon
and inversion layers [8, 9].

Different mechanical stress can be introduced through the substrate and/or
during the fabrication process, which are discussed below. The influence of
lattice defects and externally applied stress on the electrical performance of
integrated circuits has been an active area of research for many years. In the
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TABLE 2.1

Effects of stress on CMOS performance.
After V. Chan et al., IEEE 2005 CICC
Conf., 2005(667-674). With permission.

nMOS pMOS
Longitudinal X Tensile Compressive

Lateral Y Tensile Tensile
Si Depth Z Compressive Tensile

past, a major concern has been the buildup of localized stress near the iso-
lation edge, often leading to dislocation formation and degradation in device
characteristics when scaling the LOCOS and shallow trench isolation struc-
tures are introduced. Changes in electron and hole mobility due to stress
from local oxidation of silicon (LOCOS) and shallow trench isolation were
reported [10, 11]. However, it was not until deep submicrometer technologies
were developed that these effects were observed experimentally.

Since the early 1990s, strained-Si on silicon germanium (SiGe) substrates
are being explored in an effort to boost MOSFET performance [3, 12, 13].
The mobility advantage that strain offers at no significant additional process-
ing cost makes it the most important candidate among various choices for
performance-enhanced devices. Approaches to introduce device strain have
either been global, or wafer-level, where the strain exists within the starting
substrate [14, 15, 16], or local where strain is introduced during transistor
fabrication using local stressors. Now, localized strain is being deliberately
introduced in a variety of ways to enhance carrier mobility, although the strain
from localized source decays rapidly away from the stressor. Today, almost
every semiconductor manufacturer has announced their version of strained
CMOS [4, 17, 18, 19, 20, 21, 22].

Strain is characterized by its two major varieties: uniaxial strain (one sur-
face dimension is stressed) vs. biaxial strain (both surface dimensions are
stressed). SiGe-based biaxial strain has been the most prevalent wafer-level
strained substrate but has encountered integration issues due to its high defect
levels. Generally, global and local strain engineering techniques are applicable
to both bulk-Si and silicon-on-insulator device architectures: two important
trends that can be observed in the data in Table 1.2 and the literature at large.
Local strain engineering techniques have been demonstrated concurrently for
n- and p-MOSFET integration schemes, while global strain engineering tech-
niques have generally been optimized for n-MOSFETs only. n-MOSFET en-
hancements with global strained-Si technology are typically twice that of local
strain engineering techniques. Significant p-MOSFET enhancements have so
far been based upon local strain engineering techniques.

As silicon is strained and subjected to high temperature thermal process-
ing, it undergoes mechanical deformations that create defects, which may
significantly limit yield. The engineering challenge is to understand and op-
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timize how the stress/strain originating from the various techniques interact
with one another. Engineers have to manipulate these properties of silicon
to balance the performance gains against defect generation. From process
integration point of view, SiGe materials offer several new challenges to un-
derstanding. In the nanometer regime, biaxial stress has been the conventional
method to strain the MOSFET channel. Recent studies in the field of uniax-
ial process-induced strain have revealed significant advantages over its biaxial
counterpart.

In this chapter, we shall introduce the role of strain and stress engineering
in microelectronics. We shall elucidate the current understanding and ongoing
research efforts in strain engineering. The main focus of this chapter is to pro-
vide a survey on the applications of stress and strain in silicon technology. We
shall focus on strained-Si and discuss various methods of applying stress to en-
hance device performance. Stress-transfer techniques (such as etch-stop liner
and strained-SiGe) using extra integration process into an existing baseline
process and mechanically induced channel stress from shallow trench isolation
structures will be discussed.

2.1 Stress Induced During Manufacturing

Semiconductor device performance has been dramatically improved so far by
scaling it to nanometer dimensions. In fabrication, multiple material layers
with differing thermal coefficients of expansion and hence the stress levels
developed in close proximity of the devices and in the channel region have
become a cause of serious concern. Among the semiconductors, although sili-
con has rather poor transport properties (mobilities and diffusion coefficients
for electron and holes), its success as channel material is due to the excellent
interface property of the Si-SiO2 system. In order to sustain Moore’s law for
over the last four decades, many material and design aspects of the conven-
tional MOSFETs have been attempted and lost, except the use of Si-SiO2

material system as channel material and gate insulator. Materials commonly
used in microelectronics have very different elastic properties. Mostly they
obey complex rheological laws (viscoelastic or elastoplastic), and it is impor-
tant to know the temperature dependence of some rheological characteristics
like viscosity or yield stress.

In the range of temperatures used in the front-end processes (700-1100oC),
and in the range of stresses measured in thin film materials (20 MPa-2 GPa),
microelectronics materials show very different mechanical behaviors, from
elastic (e.g., Si) to viscous (e.g., highly stressed SiO2 at high temperature).
Furthermore, at these temperatures and/or stress levels, the amorphous mate-
rials may exhibit viscoelastic behavior and the poly-crystalline materials may
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FIGURE 2.2
Sources of various stresses in silicon microelectronics. After S. Chaudhry,

“Analysis and Modeling of Stress Related Effects in Scaled Silicon Technol-
ogy,” Doctoral Dissertation, University of Florida, 1996.

have elastoplastic behavior as well. Residual stresses are critical in Si technol-
ogy and can be experimentally determined using either optical techniques al-
lowing the calculation of the substrate curvature, or directly by micro-Raman
spectroscopy or x-ray/electron diffraction techniques. Fig. 2.2 is a summary
of various stresses encountered in silicon microelectronics. The stresses can
generally be classified into five groups:

(a) the temperature change and the thermal growth of material (i.e., silicon
dioxide and silicides),

(b) the etching of materials,
(c) the deposition processes which create intrinsic stresses,
(d) the structural changes of deposited films due to densification, hydration

or dehydration, crystallization, and
(e) the implantation of dopants. The total measured stress is the sum of

these five components.
Thermal stresses are induced by the mismatch of the thermal expansion co-

efficients between different materials. They arise when the system undergoes
a temperature variation during the various stages of the integrated circuit pro-
cessing. By introducing a number of assumptions; (i) materials are isotropic
and homogeneous and (ii) there is no temperature gradient in the film or in
the substrate, the thermal strain, ε induced by a variation in temperature can
be calculated from
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ε = α(T ) · ΔT (2.1)

where α(T) is the thermal expansion coefficient of the film. For silicon, it
has been observed that this coefficient is temperature dependent. However,
for most materials used in silicon IC processes the dependence in temperature
is either negligible or unknown.

Thermal oxidation of nonplanar silicon surfaces is frequently used in sil-
icon technology. During the oxidation process, the volume expansion, re-
sulting from silicon to SiO2 conversion, is accommodated by the viscoelastic
flow of oxide, while the silicon substrate may undergo elastoplastic defor-
mations, sometimes with crystal dislocation generation. Oxidation-induced
stress analyses have been extensively proposed in the literature during the
past few years. Several approaches have been reported in order to accurately
reproduce the oxidation mechanism and to calculate its corresponding stress
field which takes into account the lateral growth of oxide, in agreement with
experimental evidence showing wafer bending during planar oxidations.

In MOSFET fabrication, high dose ion implantation is generally used to
dope source/drain regions to desired junction depths. The implanted region
becomes amorphized and upon subsequent annealing dislocations form at the
original amorphous crystalline interface. When a dopant atom is introduced
in silicon substrate through ion implantation or diffusion, a local lattice ex-
pansion or contraction will occur depending on the varying atomic sizes and
bond lengths of the atoms. The mismatch between the covalent radii of sili-
con and dopant atoms results in localized lattice deformation of the substrate.
Following Vegard’s law, one can extract the relative lattice variation (Δa/a)
induced for a given concentration (Cd) of dopants

Δa/a = β · Cd (2.2)

where β is the lattice expansion factor (cm−3) proportional to the covalent
radius mismatch.

Dislocations have been known to affect dopant redistribution during ther-
mal cycling by capturing and emitting point defects, leading to variations in
junction depths. Calculations of the stress around a dislocation loop with
observed density and size shows that the pressure around the loop layer can
locally be on the order of 109 dyne/cm2. This value is comparable to stresses
induced from patterned nitride films and isolation structures. Thus, the con-
trol and understanding of dislocation loops formation is critical.

The strain from standard CMOS unit processes, such as the shallow trench
formation [23, 24], oxidation [25], silicide formation [26, 27], and contact etch
stop layer (CESL) [28], has been observed to impact the transistor perfor-
mance. Various modeling studies [29] and direct strain measurements from
transmission electron microscopy (TEM) techniques have identified a change
in channel strain from these processes. However, the stresses generated from
each of these processes are misleading because the stress magnitudes are strong
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TABLE 2.2

Material properties and calculated shear modulus
(data from literature).

Young’s Shear Poisson’s Coefficient
modulus modulus ratio (-) of thermal
(GPa) (GPa) expansion

(10−6/oC)
Si 190 77 0.23 2.6

CoSi2 160 61 0.3 10.4
Si3N4 290 113 0.28 3
SiO2 60 24 0.25 3.3

functions of the device geometries and the mechanical constraints of the struc-
ture and thus quantitative strain estimation is difficult.

Silicidation (formation of silicides) is a thermal process used to form an
alloy of silicon and refractory metal (e.g., Ti, Co, W, and Pt). The forma-
tion of silicides is typically accompanied by a net volume shrinkage and has
been identified as a critical process step that may induce dislocations in the
substrate (see Table 2.2). Etching steps also induce large topographical mod-
ifications in the microstructures. Continuous films generally produce only a
very low level of stress. Problems occur when the surfaces of the films are not
planar or contain discontinuities, such as window edges.

Silicides act as low-resistance contacts between the source, drain, and gate
regions of a transistor. Ti, Co, and Ni are some of the common metals used
to form silicides; based on the stoichiometry of the silicide compound that is
formed and the thermal relaxation behavior, the magnitude of the strain intro-
duced by these varies. In general, titanium silicides induce higher compressive
strain than cobalt silicides [26]. Apart from the normal strains, silicides can
also cause shear strain. Uneven growth interface results in shear components
and stress concentrations, and this can be a source for dislocation nucleation
in silicon if the silicidations are carried out at high temperatures [27].

In view of the aggressively scaled contact length, reduction of contact re-
sistivity remains a challenge. In MOSFETs, source/drain resistance is very
strongly influenced by contact resistance of the silicide layers, because it in-
creases with the square of the linear scaling factor. Beyond the 90-nm node,
the use of the currently used cobalt silicide (CoSi2) contacts becomes unsus-
tainable because of rapidly increasing resistance on narrow lines.

For nickel silicide formation, reduced thermal budget is needed partly be-
cause of the various phases of nickel silicides (NiSi, Ni2Si, and NiSi2) are
forming at various temperature ranges. The most advantageous temperature
range for the low resistance phase of NiSi is an initial anneal between 300
and 350oC. This initial anneal is followed by etching of unreacted metal and
a second activation anneal at a temperature of about 450oC. The initial low
temperature is needed for the NiSi phase formation to suppress Ni fast diffu-
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sion which, if unchecked, leads to spike and encroachment effects.
NiSi or NiPtSi adoption is expected to enable the simultaneous achievement

of targets for the contact junction depth, maximum silicon consumption, and
contact silicide sheet resistance. NiSi silicide is also of interest for gate elec-
trode application. It has been observed that dopant implantation into the
poly prior to fully siliciding the polysilicon can allow achieving dual work
functions needed for nMOS and pMOS transistors. In the longer term, a
manufacturable and CMOS-integrable solution consisting of selective depo-
sition of silicon or SiGe epitaxial layers is being sought. The adoption of
epitaxially deposited SiGe, with its lower barrier height, could address both
the contact resistivity and maximum silicide consumption issues. However,
NiSiGe thermal stability is even lower than that of NiSi, thus further limit-
ing the temperature of subsequent anneals to about 500oC. Other materials
such as platinum or platinum-nickel alloys are explored to improve thermal
stability of the silicides.

Continuous films deposited over the entire silicon substrate produce low
levels of stress in the silicon because the substrate is generally a few orders
of magnitude thicker than the film. Large stresses occur when films are not
planar or have discontinuities, and silicon substrate yields by forming dis-
locations. A good understanding of these effects and their interaction with
the intentionally strained-Si layer is needed to ensure an optimum and sta-
ble process performance. In particular, a cobalt silicide (CoSi2) film can be
subjected to high residual stresses because of the vast difference between the
CTE of this silicide and that of silicon [30]. Due to the existence of edge
forces, discontinuities in the film introduced through the patterning give rise
to localized stress fields in the substrate as well [31]. As VLSI technology is
characterized by periodic material line patterns, it is important to understand
how the different materials used and their patterning affects the stress always
present in modern-day nanometer scale transistors.

Silicides are essential for good contacts with the device terminals. Since
silicides are of different material than silicon, it is worth exploring the effect
of silicide on the channel stress. Modern process technologies have nickel
silicide (NiSi) for the contacts whereas formerly, cobalt silicide (CoSi), was
used. Both the silicides have the same material properties (Young’s modulus
= 161 GPa, Poisson ratio = 0.33) [32]. Silicide thickness can range from
50-200 Å. The effect of thickness on strain of silicides is shown in Table 2.3.
Since the silicide has material properties almost the same as that of silicon,
its presence does not make any significant effect on the stress introduced into
the channel.

During silicidation, the stress can arise from lattice mismatch between the
substrate and film, the intrinsic stress related to the mechanical structure
and properties of the film, and the difference between the thermal expan-
sion coefficients of the film and the substrate. Table 2.4 lists the thermal
expansion coefficients of several important silicides, together with those of
the constituent metal and silicon. The thermal expansion coefficients of the
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TABLE 2.3

Effect of Silicide on nMOS Channel Stress.

Silicide thickness(Å) σxx (MPa) σyy (MPa)
0 349 -322
50 348 -332
100 349 -333
150 351 -330
200 352 -330

TABLE 2.4

Thermal properties of important silicides.
α (ppm/oC) α (ppm/oC)

Melting thermal Melting thermal
Silicide point (oC) expansion Element point (oC) expansion
TiSi2 1500 12.5(200-1200) Si – 3.0
CoSi2 1326 10.14(20-800) Ti 1661 8.5
NiSi 992 Co 1495 12.0

silicides are considerably larger than those of the metals and silicon, and the
difference can be responsible for the observed stress. The melting point of the
transition metal silicides has also been listed in the table.

Deposited films such as Si3N4, SiO2, TiN, TaN, Cu etc., are being used in
back-end of the line. Nitride films are deposited on silicon after the silicide
formation to act as the contact etch stop layer. Recent reports show the
desired channel strain may be obtained for both the nMOS [33, 34] and pMOS
[35]. The as-deposited CVD nitride films can introduce stresses greater than
1 GPa upon thermal treatment on planar silicon wafers, which arises from
two sources: CTE mismatch between the silicon and nitride film and intrinsic
film stress caused by film shrinkage. Based on the additives in the film,
this stress can be engineered to be tensile or compressive [35]. When these
films are conformally deposited on the nonplanar CMOS structure at the
post-silicidation location, the actual strains that develop in silicon are more
complicated.

The origin of intrinsic stresses comes from the energy configuration of the
deposited atoms or ions that is often, just after the deposition, not in its
lowest energy state. Compressive (or tensile) stresses develop in the layer
when the atoms or molecules are closer (or further apart) in comparison to
equilibrium. These intrinsic stresses may change during the post-deposition
annealing because of atom/molecule reordering. These intrinsic stresses are
generally thickness dependent. Processing conditions (i.e., temperature, pres-
sure, deposition power, reactant and impurity concentrations, and type of
material) are also important factors. The intrinsic stress is obtained by mea-
suring the bending of the silicon wafer just after the deposition of the thin
film.
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TABLE 2.5

Mechanical properties and rheological behavior of several important
materials used in microelectronic fabrication.

Material Young’s Poisson’s Thermal coefficient Intrinsic
modulus ratio (10−6oC−1) stress (GPa)

Oxide, Thermal 66 0.17 0.5 -400
Oxide, HDP 80 0.20 0.5 -

Nitride, PECVD 143 0.28 2.8 - 50
Nitride, LPCVD 290 0.28 3.0 1300
TEOS, LPCVD 60 0.25 0.6 -
Poly-Si, LPCVD 180 0.27 (2.8-4.5) -350

Ti, Sputtered 115 0.34 8.6 -
TiN, Sputtered 410 0.30 9.6 -

TaN, PVD 457 0.25 6.5 -1500
W, CVD 410 0.29 4.6 1000
Cu, CVD 87 0.34 16.6 -

CoSi2, Thermal 160 0.25 10.8 -
Co, Sputtered 130 0.30 12.0 -

Silicon - - (2.8-4.5) -

Extrinsic stresses are caused by structural modifications in the film appear-
ing after the deposition, and mostly due to further temperature changes or to
interactions with the ambient. For example, silicon films undergo a density
increase crystallization of the amorphous phase. Silicon dioxide exhibits den-
sification phenomena corresponding to the removal of -OH bonds, formation
of additional Si-O-Si bonds, and the rearrangement of these bonds leading to
film shrinkage and tensile stresses. Mechanical properties and rheological be-
havior of several important materials used in microelectronic fabrication are
shown in Table 2.5.

2.2 Global vs. Local Strain

At present, in CMOS transistor engineering, mainly two approaches are being
used in obtaining the desired strain. One is based on developing the strain at
the substrate level before the transistor is built. This is known as the “global”
approach, for example, strained-Si on relaxed-SiGe virtual substrates. The
approach depends largely on materials engineering, rather than device design.
This approach stretches the silicon lattice by about 1%. For strained-Si, a
graded layer of silicon germanium is grown on top of a bulk silicon wafer. A
typically 2 μm thick SiGe layer has a 20% germanium concentration, with a
higher concentration of germanium atoms at the top. Then a relatively thin



Strain Engineering in Microelectronics 33

layer of silicon, about 20-nm thick, is placed on top of the SiGe layer. Over
the past few years the technology to grow graded SiGe layers has matured.
Strained-Si in which the SiGe layer is bonded to an insulating substrate,
generally known as SiGe-on-insulator (SGOI) technology is now available.
Strained silicon, while promising, faces several key challenges. Minimizing
the number of dislocations within the silicon will be important to keeping
yield rates high. Maintaining the level of strain during the manufacturing
process is another challenge.

An alternate approach to utilize the epitaxial strain is to develop a com-
pressive strain in the channel by SiGe deposition on the active regions be-
side the channel. In order to differentiate, this approach has been called the
local-strain technology or, sometimes, the uniaxially stressed films. In the
local-strain approach, the SiGe film is grown only in specific active regions
after the transistor is formed by etching a recess in the silicon. In order to
elucidate the application of the fundamentals discussed in the initial sections,
we discuss this approach in detail.

“Local” strained-Si technology is incorporated during the transistor fabri-
cation process. The strains induced during transistor processing are typically
uniaxial (i.e., in one direction) and are incorporated via tensile/compressive
capping layers or recessed epitaxial film deposition in the source-drain regions.
These processes are generally not universal in their implementation and need
to be tailored to a particular transistor integration scheme. The straining
technique based on process is known as process-induced strain where stress
is induced in a specified zone or “local” in the transistor. However, the scal-
ability of local strain is one of the most important topics for future CMOS
performance. A combination of global and local approaches is also feasible and
presently under active investigation [36]. In principle, three kinds of stresses
can be applied to the transistor:

• a uniaxial stress along one crystallographic direction,
• a biaxial stress along two perpendicular crystallographic directions, and
• a hydrostatic stress applied uniformly in all three directions.
Ge et al. [22] have demonstrated a process-strained Si (PSS) CMOS tech-

nology using the concept of 3D strain engineering. Methods of producing
PSS include stress engineering of trench isolation, silicide, and cap layer, to
improve nMOS and pMOS performance simultaneously. Each of these ap-
proaches results in a 5-10% enhancement in the ring oscillator speed. It has
been shown that by increasing tensile strain (or decreasing compressive strain)
in y direction benefits nMOS and pMOS simultaneously while strain changes
in the other two directions result in nMOS and pMOS performance trade-off.
It is therefore desirable to have a predominant tensile strain in the y direc-
tion for overall CMOS performance improvement. Fig. 2.3 illustrates three
of these techniques, With optimized stress engineering in the cap-layer, STI
and silicidation processes, both nMOS and pMOS improvements up to 15%
are obtained in a typical 0.13 μm technology (see Fig. 2.4).

Since all these process-induced strains in the channel are a function of the
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FIGURE 2.3
Schematic of device structure featuring process strains induced by stress-

engineered trench isolation, cap-layer and silicide. After C.-H. Ge et al., IEEE
IEDM Tech. Dig., 2003(73-76). With permission.

FIGURE 2.4
Ion vs. Ioff characteristics at 1 V operating voltage. Up to 15% improvement
is achieved in nMOS and pMOS with cap-layer, STI- and silicide-strained Si.
After C.-H. Ge et al., IEEE IEDM Tech. Dig., 2003(73-76). With permission.
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FIGURE 2.5
Both improved nMOS and pMOS performance at reduced channel width

confirms increased tensile strain (or reduced compressive strain) in y direction
with the three PSS techniques. L = 90 nm. After C.-H. Ge et al., IEEE IEDM
Tech. Dig., 2003(73-76). With permission.

contact area between the stressor and source/drain as well as the distance
between the stressor and the channel center, they have various degrees of
dependence on channel length as well as channel width. As evidenced in
Fig. 2.4, device performance increases with higher current drive and therefore
with shorter channel length due to increased channel strain. Width depen-
dence of CMOS performance enhancement using each of these process-strain
techniques is illustrated in Fig. 2.5 at a physical gate length of 90 nm. It
is evident that both nMOS and pMOS performance improves with reduced
channel width for all the three PSS techniques due to increased tensile strain
in the y direction. Note that STI- and silicide-induced strains in the chan-
nel seem to show more dependence on device width than cap-layer induced
strain. This may imply that the stress engineering of STI and silicidation pro-
cesses are more effective in increasing tensile strain (or decreasing compressive
strain) in y direction.

2.3 Substrate-Induced Strain

A widely adopted method to introduce wafer-based biaxial stress to enhance
CMOS performance is practiced by growing a silicon film atop relaxed-SiGe
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FIGURE 2.6
MOSFET schematic device cross-section.

virtual substrate. Due to the lattice mismatch between Si and Ge atoms,
tensile biaxial stress is generated in Si film, which enhances the performance
of nMOS and pMOS. It can be seen from the piezoresistance coefficients of
Si for standard layout and wafer orientation, that nMOS performance (elec-
tron mobility) is enhanced by uniaxial longitudinal tensile and out-of-plane
compressive stress (Fig. 2.6), while pMOS performance (hole mobility) is en-
hanced by uniaxial longitudinal compressive stress. Interestingly, both nMOS
and pMOS performance is enhanced by biaxial tensile stress.

Global strained-Si technology is based upon the deposition of Si1−xGex

alloys, which form a template for subsequent channel layer deposition (and
layer transfer process in the case of strained-Si on insulator). Typically the
alloys contain a Ge content in the range of x = 0.15 to 0.30. The deposition
of pure Si on such a template results in biaxial (i.e., in the two in-plane
directions) strains on the order of 1%. Due to strain introduction at the
starting materials stage, global or wafer-scale strained-Si is more universal
in nature and some of its attributes or specifications can be addressed more
generally.

The benefits offered by wafer-level strain are highly desired by the IC indus-
try. However, a major concern about the manufacturability of this technology
has been its high level of crystal defects in the wafer-level strained silicon layer
- typically resulting from the epitaxial technique used to grow the silicon ger-
manium templates that produce the strain in the top silicon layer. Generally,
three areas of development that need to be considered when considering the
commercial use of global strained-Si technology are:

• Concurrent optimization of nMOS and pMOS transistors needs to be
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explored more thoroughly. A systematic development effort is required to
elucidate the complete benefits of global strained-Si technology,

• Defects (misfit dislocations) at gross levels at the interface between strained-
Si and the Si1−xGex alloy have been shown to increase transistor leakage lev-
els. However, no significant results have been reported on the mechanisms
for the leakage or methods to mitigate such leakage. Further research and
development is required to improve the understanding on this topic, and

• Leakage and reliability mechanisms associated with threading dislocations
and other defects are not yet clearly understood.

2.4 Process-Induced Stress

Process-induced strain refers to the strain in silicon lattice generated by many
of the standard CMOS processing steps, some of which can be engineered
to enhance/reduce strain. Many recent publications on production-worthy
CMOS technologies reported about engineering the process-induced strain to
derive transistor performance improvements [37]. An alternate approach to
utilize the epitaxial strain is to develop a compressive strain in the channel by
SiGe deposition on the active regions beside the channel [18, 19]. A strategy to
increase compressive stress generated by embedded SiGe source/drain regions
in a pMOS device have been studied. Uniaxial front-end process-induced
stress is being widely adopted in almost all logic technologies because of its
edge over the biaxial counterpart [1, 21]. The topology of the source/drain
regions can assist to increase the stress and this property is well exploited
during the front-end processing. Raising the SiGe source/drain regions up to a
certain extent transfers higher stress to the channel, thereby further improving
the mobility of holes. Increasing the raised step height an increase in stress
is obtained. However, beyond approximately 300 Å of step height, the raised
SiGe source/drain regions do not increase the stress further. Higher stress may
be induced by increasing the Ge concentration. Higher Ge concentration in
SiGe compresses the silicon lattice even greater, which is simulated by higher
intrinsic stress inside SiGe regions. In state-of-the-art nanodevice research,
Ge concentration is increased up to 30%.

The concept of improving electron mobility in n-channel devices by deposit-
ing a tensile Si3N4 capping layer over the entire structure has been demon-
strated [35]. It has been shown that by increasing the Si3N4 film thickness
the stress in the channel may be increased. This holds true up to a certain
thickness in a legged gate structure, which are widely used in logic technolo-
gies. The effect of increasing the nitride thickness, keeping a constant space
between two nMOS devices in stacked gate structure, has been studied. Fig.
2.7 shows horizontal |xx| and vertical |yy| strain at center of the channel re-
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FIGURE 2.7
2D Stress simulation results (vertical strain yy) of n-MOSFETs with (a) 1

layer (b) 2 layer and (c) 5 layer SiN tensile films. Total SiN thickness is 100
nm in all devices. Strong strain is observed at sidewall of (c) 5 layer. After
K. Goto et al., IEEE IEDM Tech. Dig., 2004(209-212). With permission.

gion by changing the total SiN thickness and layer number. Although strain
of single layer becomes saturate when SiN thickness is more than 100 nm, dou-
ble and five SiN layers shift the saturation point more than 140-nm. Stress
gain by changing the layer number is calculated and is shown in Fig. 2.8.
One observes that multilayer structure is effective for thicker SiN. For 140-nm
thick SiN case, strain is increased up to 28% and 55% by using double and
five SiN layers, respectively.

Due to the inherent mechanical properties of silicon, the stress field gen-
erated by a stress source (such as the STI sidewall) penetrates through ap-
proximately 200 nm of adjacent silicon. Stress decays inversely proportional
to distance from the stress source and drops by a factor of three within ∼ 200
nm. When several stress sources happen to be within that range, their stress
fields overlap. This is why devices at the 180-nm technology node and below
have significant stress levels due to the overlapping stresses from STI, gate
stack, and silicide.

Table 2.6 summarizes the impact of 1 GPa stress applied along x, y, and
z in the channel on the transistor performance. It is based on a simple clas-
sic piezoresistance effect [7], yet provides reasonably good description of the
stressed devices [21]. The performance modification percentages listed in the
table are only approximate, as they reflect the changes in the low field mo-
bility and neglect a variety of other factors. Compressive and tensile stresses
cause opposite effects on transistor performance.

The process-induced straining techniques discussed above are standard steps
in the CMOS flows. There are also reports on deliberate disposable film de-
position to generate strained channels. Ota et al. [33] reported significant
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FIGURE 2.8
Horizontal xx, and vertical yy strain under the gate varying total SiN thick-

ness. Though stress of single layer saturates over 100 nm, multi (2 and 5)
layer keeps increasing. Increasing ratio of channel strain |yy| with varying
SiN layer. Multilayer SiN capping is very effective for thicker SiN. After K.
Goto et al., IEEE IEDM Tech. Dig., 2004(209-212). With permission.

TABLE 2.6

Impact of 1 GPa stress in Si on electron and hole mobility enhancement.
Computation is based on piezoelectric effect. After V. Moroz et al., Solid
State Technol., July 2004.

Stress component Tensile Tensile Compressive Compressive
nMOS pMOS nMOS pMOS

1 GPa along channel (x) 30% -70% -30% 70%
1 GPa across channel (z) 20% 70% -20% -70%

1 GPa vertical (y) -50% 1% 50% -1%



40 Strained-Si Heterostructure Field Effect Devices

FIGURE 2.9
Sensitivity of channel stress to S/D elevation. After F. Nouri et al., IEEE

IEDM Tech. Dig., 2004(1055-1058). With permission.

strain-related nMOS performance improvement from stress-memorization ef-
fect. They deposited a tensile stressed oxide film on amorphized polysilicon
and annealed the device at high temperature and stripped the stressed film.
The observed transistor improvement was attributed to the channel strain
that was locked in place by the polysilicon regrowth process. Although not
very well understood, the strain induced by this disposable film continues to
play a significant role in nMOS-performance engineering [38].

When a stress is introduced, the lattice structure is deformed in response
to the superposition of a biaxial tensile strain and a smaller uniaxial tensile or
compressive stress. On atomistic level, stress causes strain, which is the dis-
placement of atoms from equilibrium lattice positions. The change in lattice
spacing changes the effective mass of the carriers and affects the scattering
rates they undergo in the crystal lattice. Uniaxial strain has shown superior
pMOS mobility enhancement but has been only available as local strain using
techniques such as stressed capping layers, or source/drain selective SiGe epi
deposition such as Intel’s 90-nm process currently in production [1].

Sensitivities of the channel stress to the S/D elevation and to gate-STI
distance have been investigated by Nouri et al. [39]. Fig. 2.9 shows that with
the increase of S/D elevation, the stress increases linearly up to 40% and then
saturates. Transistors with shallow SiGe S/D and short gate-to-STI distance
exhibit high stress sensitivity to the layout variations.
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FIGURE 2.10
(a) Simulated structure for the isolated transistor, showing stress in the

channel direction (MPa) and (b) Simulated structure for the dense transistors,
showing stress in the channel direction (MPa). After G. Eneman et al., IEEE
VLSI Tech. Symp. Dig., 2005(22-23). With permission.

The results of a study on the layout dependence of a SiGe S/D p-MOSFET
technology have been reported by G. Eneman et al. [40]. Simulated structures
with stress contour for the isolated and dense transistors are shown in Figs.
2.10(a) and (b). The stress in the channel as a function of the source-drain
length is shown in Fig. 2.11 for a recess depth of 30, 70, and 120 nm. While
for long Ls/ds, stress does not depend on the source-drain length, for Ls/d

below 500 nm, the dependence becomes significant, especially for larger S/D
recess. The stress reduction, when Ls/d decreases from 1.5 μm to 500nm is
17%, 11%, and 4% for recess depths of 120, 70, and 30 nm, respectively.

For the simulated dense transistor structure (see Fig. 2.10(b)), the volume
of SiGe present is larger than for isolated transistor structures, leading to
higher stress values, and faster saturation of the stress levels for large Lp/ps
(see Fig. 2.12). The stress reduction when Lp/p is found to decrease from
1.5 μm to 500 nm is 9%, 6%, and 4% for etch depths of 120, 70, and 30 nm,
respectively.

Biaxial tensile strained-Si is considered as a technique in the last decade.
However, it has been difficult to implement because of misfit and threading
dislocations, Ge outdiffusion, silicide formation difficulty, self-heating effect,
higher As diffusion in the S/D extension region, and cost. DSL (contact etch
stop layer) provides enhancement in both nMOS and pMOS. It needs extra
steps and contact opening may be a concern.

Local strain can be applied to the channel through a Stress Memorization
Technique (SMT). In the conventional fabrication process, Source/Drain Si
area and poly-gate are amorphized by S/D and extension implantation. In
the stress memorization process, conventional dopant activation spike anneal
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FIGURE 2.11
Simulation of stress in the center of the channel as a function of gate to active
edge distance for isolated transistors. After G. Eneman et al., IEEE VLSI
Tech. Symp. Dig., 2005(22-23). With permission.

is performed after the deposition of a tensile stressor capping layer, such as
nitride [33, 37]. The nitride layer is subsequently removed, and the next step
is salicidation. The stress effect is transferred from the nitride film to the
channel during annealing and memorized by the recrystallization of the S/D
and poly-gate amorphized layers. After active area and gate recrystallization,
the stress inside the channel is memorized. Since the nitride film is disposable,
a very thick capping layer can be used to increase the stress level without any
process limitation. However, SMT needs extra steps although it is easy to
implement. It does not have any major process or ground rule limitation.
However, it can only improve nMOS performance. Strained-SiGe in S/D
structure provides highly compressive strain to the channel, and results in
large hole mobility improvements. Extra complicated integration steps are
necessary; nevertheless, it can provide very good pMOS performance. Hybrid
orientation technology (<110> substrate) clearly shows an attractive option
to improve device performance. However, the impact on circuit performance
of mixing SOI and bulk devices on the same chip and circuit design will
require more detailed analysis. Channel orientation (<100> channel, 45 deg
notch) is a highly manufacturable technique to reduce integration complexity.
It allows nMOS improvement by another stress transfer process, without any
pMOS degradation. However, pMOS performance cannot be further improved
by other stress transfer method. Some key differences between wafer-level
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FIGURE 2.12
Simulation of stress in the center of the channel as a function of poly-to-poly
distance for dense transistor structures. After G. Eneman et al., IEEE VLSI
Tech. Symp. Dig., 2005(22-23). With permission.

process-induced uniaxial strain and biaxial SiGe-based strain are as follows:
• Uniaxial strain can be applied along a single direction on a chosen surface

orientation: e.g., along <110> direction on a (100) surface.
• Tensile or compressive strain can be achieved with direct mechanical

stress. Only tensile biaxial strain has been reported with SiGe-based strain.
• Uniaxial strain can utilize hybrid orientation process technologies to se-

lectively process nMOS and pMOS devices efficiently.
• Uniaxial strain offers significant pMOS device performance advantages

over biaxial strain at realistic gate electric fields (∼ 1 MV/cm).
• Direct mechanical stress technology can be used to generate biaxially

strained layers with independent control of strain along x- and y-axes.
• Although both SiGe-based and uniaxial SSOI uses layer-transfer, the di-

rect mechanical technique does not require a relatively expensive relaxed-SiGe
donor.

2.4.1 Mechanical Stress Control

Mechanical stress control in the channel regions of MOSFETs enables one to
overcome the limitations on the scaling down of devices. A recent study has
shown that mechanical stress from a contact etch-stop silicon nitride (SiN)
layer affects the drive current [41, 42]. Changing the Si lattice spacing to a
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value other than the equilibrium value by using mechanical stress increases the
mobility of electrons and holes. However, when the mechanical tensile stress of
the SiN layer increases, n-channel drive current increases while the p-channel
drive current decreases. However, when the stress becomes compressive, the
opposite occurs. The n- and p-channel drive currents are, therefore, in a trade-
off relationship in terms of mechanical stress. Local strained channel technique
that uses a capping SiN layer and stacked a-Si/polySi gate structure or local
straining technique using strained polySi gate electrode [33] also significantly
improves the current drivability by controlling the thickness of stacked a-Si
and capping SiN-layer, without any degradation on the interface at oxide/Si-
substrate, compared to that of the conventional single polySi gate device.

Mechanical stress can be transferred to the channel through Si active area
and poly-gate if a permanent stressed liner is deposited on a device. Tensile
liner will enhance nMOS and compressive liner will enhance pMOS mobil-
ity, respectively. After silicide formation (either cobalt or nickel silicide), a
highly stressed liner (either tensile or compressive), such as plasma-enhanced
chemical vapor deposition (PECVD) or rapid thermal CVD nitride, is uni-
formly deposited over the wafer. The drive current dependence on stress is
through the change in film thickness and material. In 2001, researchers from
Hitachi developed a stressing technique, called “local mechanical-stress con-
trol” (LMC), to enhance the CMOS current drivability [4]. It utilizes heavy
mechanical stress produced by a SiN layer and Ge-ion implantation to selec-
tively relax the stress of the layer. The drive currents of both n- and p-channel
MOSFETs could be improved by controlling the stress of the SiN layer selec-
tively without degrading their reliability. The effects of LMC become more
significant as devices become smaller, and the drive current is estimated to
increase by more than 20% in the future 70-nm CMOS technology node.

The authors tested two LMC techniques (LMC (A) and (B)) on two sets
of CMOS devices fabricated using conventional salicide processes (Fig. 2.13).
The LMC technique includes two additional steps. The process sequence (Fig.
2.13(a)) for LMC (A) was as follows: First, a SiN layer with highly compressive
stress was deposited over both an n- and a p-channel MOSFET, using plasma-
enhanced CVD. Then, Ge ions were selectively implanted into this layer on the
n-channel MOSFET (Fig. 2.13(b)). Fig. 2.14 shows the cross-sectional TEM
photograph of typical n-channel MOSFET and strain distribution at Si surface
near the Si-SiO2 and Si-Silicide interface. The strain was estimated from the
change of Si lattice spacing obtained by focused electron beam diffraction
patterns. This technique has a resolution of ∼ 10 nm in diameter. The effects
of LMC (A) and (B) on the Ion-Ioff characteristics and the dependence of Ion

at fixed Ioff on the LMC (A) and (B) conditions are shown in Fig. 2.15(a)
and (b), respectively.

Bera et al. [43] have reported a novel post-backend strain technique and its
impact on MOSFET device performance. By bonding the Si wafer after tran-
sistor fabrication onto a plastic substrate (a conventional packaging material
FR-4), a biaxial-tensile strain (∼ 0.026%) was achieved globally and uniformly



Strain Engineering in Microelectronics 45

FIGURE 2.13
Fabrication process sequences for local mechanical stress control. After A.

Shimizu et al., IEEE IEDM Tech. Dig., 2001(433-436). With permission.
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FIGURE 2.14
Cross-sectional TEM photograph of typical n-channel MOSFET and strain

distribution at Si surface near the Si-SiO2 and Si-silicide interface. After A.
Shimizu et al., IEEE IEDM Tech. Dig., 2001(433-436). With permission.

across the wafer due to the shrinkage of the bonded adhesive. A drain current
improvement (average ΔId/Id ∼ 10%) for n-MOSFETs uniformly across the
8-in wafer is observed, independent of the gate dimensions (Lg ∼ 55 nm to
0.530 μm/W ∼ 2 to 20 μm). The p-MOSFETs also exhibited Id-improvement
by ∼ 7% under the same biaxial tensile strain.

2.4.2 Substrate Orientation Dependence

Mobility enhancement is an attractive option because it can potentially im-
prove device performance beyond any of the benefits resulting from device
scaling. The two main approaches, as discussed above, being pursued are
strain engineering (both process- and substrate-induced) and orientation ef-
fects. Strain effects induced during the fabrication process can increase the
channel mobility. Both tensile and compressive stresses can be introduced in
any one of three dimensions by process techniques. The electron and hole
mobilities have different dependencies on the type of uniaxial stress.

Effects of biaxial and uniaxial strain on carrier mobility in bulk- and ultrathin-
body MOSFETs have been systematically investigated using externally ap-
plied mechanical stress [44]. It has been demonstrated that

(a) in bulk n-MOSFETs, electron mobility enhancement is stronger in the
following order of biaxial tensile, <100> uniaxial tensile, and <110> uniaxial
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FIGURE 2.15
Change of drive current in LMC (A) and (B) technique. The Ion that de-

graded due to highly compressive stress (or highly tensile stress) of SiN was
recovered by the LMC to the control value. Ion of n-channel in LMC (A)
was even larger than in the control process, because the SiN in the control
process had small compressive stress. After A. Shimizu et al., IEEE IEDM
Tech. Dig., 2001(433-436). With permission.

tensile strains, and
(b) in bulk p-MOSFETs, hole mobility enhancement is stronger in the or-

der of <110> uniaxial compressive, <100> uniaxial compressive, and biaxial
tensile strains.

It has also been demonstrated that uniaxial strain enhances both the elec-
tron and hole mobility in UTB MOSFETs with thin SOI of at least 2.5 nm.
Biaxial tensile strain enhances only the electron mobility in UTB MOSFETs
with thin SOI of less than 5 nm [45]. It is also predicted that the strain en-
gineering along with subband structure engineering in UTB MOSFETs can
further enhance the mobility.

Inversion layer mobility depends on surface orientations and current flow
directions. For p-channel MOSFETs, hole mobility is 2.5 times higher on
(110)-oriented surfaces compared with that on standard wafers with (100)
surface orientation. However, electron mobility is the highest on (100) sub-
strates. To realize the advantage of carrier mobility dependence on surface
orientation fully, a new technology to fabricate CMOS on hybrid substrates
with different crystal orientations has been developed, with nMOS on Si with
(100) surface orientation and pMOS on (110) surface orientation. It has been
shown that the strain and orientation effects on transistor performance are ad-
ditive. Full CMOS integration with ring-oscillator delay reduction has been
demonstrated. Strained-Si channels can also be produced by depositing Si
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epitaxially on relaxed-SiGe crystals. The strain is created from the differ-
ences in lattice spacing between Si and SiGe. While transistor performance
enhancement has been reported, its progress has been hindered by the lack
of low-cost, high-quality strained-Si substrates, as well as the challenges in
materials and process integration. Alternative high-mobility substrates, such
as the use of Ge and III-V compound materials, are being considered for
post-CMOS applications. Basic scaling elements such as gate dielectrics and
junction technology in these substrates are still in their very early research
stages.

2.4.3 Strained-Ge

Transistors with pure Ge channels are being investigated for implementation
in next-generation microelectronics. The ultimate advantage of working with
Ge is the carrier mobility enhancement, making it attractive for high-speed
circuit applications. Low field electron mobility in Ge is more than double
that of Si (3900 vs. 1500 cm2/V-s) and the increase is four-fold for holes (1900
vs. 450 cm2/V-s). Despite the intrinsic speed advantages of implementing Ge
transistor technology, Ge has not established a strong presence as an elec-
tronic material for ubiquitous microelectronic application because it does not
form a stable oxide, which is critical for gate electrode formation, limiting its
utility in traditional MOS manufacturing methods. However, as the industry
is considering a transition to high-k dielectric films, necessitated by electron
tunneling through very thin SiO2, opportunities are being explored to imple-
ment pure Ge transistor technology. There are two aspects of development
that need to be considered in parallel for implementation of Ge transistor
technology: (a) the embodiment of the Ge substrate technology and (b) the
multiple aspects of Ge transistor integration and performance optimization.

2.5 Stress/Strain Analysis

As active area size shrinks, the stress of the gate, spacers, and silicides have
a significant impact on the stress state in the transistor channel and, thereby,
can have a strong influence on the device characteristics. Stress modeling of
front-end processes has been used in the past to understand materials pro-
cessing issues. One of the first applications was to simulate stress-dependent
oxide growth in 2D and 3D using either viscous or viscoelastic material mod-
els [46, 47, 48, 49]. Simulation of the stress in silicon from a variety of strain
sources including oxidation, thermal mismatch, intrinsic stress, and dopants
have also been presented [50]. Stress simulations have been used to under-
stand the stress effects on electrical characteristics of MOSFETs. Stress from
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shallow trench isolation was used to explain reduced electron mobility due
to layout [51]. Smeys et al. [11] used LOCOS stress simulations to explain
increased junction leakage current.

Process stress simulations using FLOOPS [52] have been reported by Cea
et al. [53]. The basic equation solved for stress simulations is the balance of
forces given by:

∑

j=x,y,z

∂σij

∂j
+ Fi = 0, (for i = x, y, z) (2.3)

where σ represents the stress and Fi represents the total external forces.
The types of external forces that are important for stress simulations include
intrinsic film stress, thermal strain, misfit strain due to doping or epitaxy,
and stress due to material growth. Eqn. 2.3 is solved using the finite element
method using linear elements: triangles in two-dimension and tetrahedra in
three-dimension. The plane strain approximation is used in 2D. FLOOPS
uses a viscoelastic mechanical model given in one-dimension by

ε̇ =
σ̇

Eo
+

σ

η
(2.4)

where σ is the stress, ε̇ is the strain rate, Eo is Young’s modulus and η is
the viscosity, which can be stress dependent.

In a typical process flow without stress engineering, stress-field generation is
primarily due to the different volume expansion/contraction rates of the adja-
cent materials during temperature ramps. Stress also is generated by growing
oxides and silicides, etching and depositing layers, and introducing dopants
into the silicon. Stress can be introduced intentionally by deposition of a pre-
strained layer or it could be due to unintentional stress sources. Unintentional
stress is generated as a side effect of oxidation, etch, deposition, silicidation,
and thermal steps. The unintentional stress should be considered to deter-
mine the overall stress distribution when designing appropriate methods to
introduce intentional stress into the device. While it is difficult to measure
stress distribution in submicron devices, 2D and 3D stress distribution and
its evolution during the process flow can be simulated.

Moroz et al. [54] have explored stress effects in the 45-nm MOSFET with
the Taurus-Process simulator that models stresses for semiconductor applica-
tions. For a MOSFET with pre-strain deposited layers with 1 GPa intrinsic
stress, the average stress in the channel is shown in Fig. 2.16(a). Fig. 2.16(b)
shows the distribution of the x stress component in the 45-nm transistor with
15% Ge in SiGe source/drain (S/D) at the end of the process flow. A uniform
compressive stress of ∼ 1 GPa is generated in the channel. Some of the meth-
ods possess relatively high stress-transfer efficiency. Notably, SiGe S/D and
strained STI transfer slightly more than 50% of their stress into the channel.
This helps to introduce significant stress into the channel, while keeping the
peak stress low to prevent defect/crack formation. It is clear that all methods
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FIGURE 2.16
(a) Cross-section of a 45-nm CMOS transistor with SiGe S/D. (b) Distribu-

tion of the x stress component (i.e., in the direction along the channel) in a
45-nm MOSFET at the end of the process flow. After V. Moroz et al., Solid
State Technol., July 2004.

of introducing stress have an efficiency (ratio of stress in channel to intrinsic
stress) < 100% (see Fig. 2.17). Positive numbers mean that the stress in
the channel has the same sign as the stress in the deposited layer. Negative
percentage means that the stress in the channel is opposite to the original
stress in the deposited layer.

It is clear that none of these methods creates a purely uniaxial stress, but
some of them create stress patterns with one dominant component and there-
fore come close to uniaxial. It is important to make sure that the combined
effect of the three stress components (along x, y, and z axes) is still positive
and different contributions do not cancel each other out. If several methods
are used simultaneously, then certain stress components add up, but some
others do not, exhibiting very nonlinear interaction. For a different device
geometry, the stress transfer pattern can be completely different. For exam-
ple, Fig. 2.18 shows the 3D stress pattern for a 25-nm fully depleted SOI
MOSFET with metal gate and mesa isolation. In this case, a complicated
3D stress pattern is formed with significant x, y, and z components. The
reported electrical measurements of such nMOS and pMOS devices [55] show
that stress enhanced performance of both nMOS and pMOS by ∼ 30%. Fig.
2.18 shows that the distribution of the z stress component is very nonuniform
in the channel, varying from 100 MPa compressive to 800 MPa tensile stress.
Stress transfer efficiency from metal gate to the channel is close to 100%. This
must be attributed to the specific geometry of this device.

The summary of stress-engineering effects is presented in Table 2.7. It is
based on piezoresistance model and applies to the particular case of geom-
etry and process flow of 45-nm MOSFET transistors explored in this work.
Different geometries, process flows, and technology nodes will yield different



Strain Engineering in Microelectronics 51

FIGURE 2.17
Efficiency of transferring stress from different sources into the channel. After
V. Moroz et al., Solid State Technol., July 2004.

FIGURE 2.18
Distribution of z stress component in 25-nm FDSOI MOSFET with metal

gate and mesa isolation. Gate stack and gate dielectric are not shown for
clarity and only a quarter of the channel is shown. The inset shows half of
the transistor. After V. Moroz et al., Solid State Technol., July 2004.
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TABLE 2.7

Impact of stress methods on 45-nm devices. Computation
is based on piezoelectric effect with 1 GPa tensile stress.
After V. Moroz et al., Solid State Technol., July 2004.

Device type S/D STI Cap Spacer Metal
Si0.85Ge0.15 layer gate

n-MOS -45% 14% 33% 9% -24%
n-MOS 50% -27% -38% -4% 214%

results. Based on data in Table 2.7, it is observed that SiGe S/D may be used
to improve pMOS performance and a tensile cap layer to improve nMOS per-
formance. The other methods can be added to these two as complementary
to further enhance device performance. A uniform compressive stress of ∼ 1
GPa is generated in the channel. Such a stress pattern is beneficial to pMOS
as was successfully demonstrated in [18], but would be detrimental to nMOS.
If this were the only component contributing to stress in the channel, it would
have increased pMOS drain current by 70%.

The residual stresses present in thin films after deposition can be classified
into two parts: (a) thermal mismatch stress and (b) intrinsic stress. Residual
stresses will cause device failure due to instability and buckling if the de-
position process is not controlled properly. Thermal mismatch stress occurs
when two materials with different coefficients of thermal expansion are heated
and expand/contract at different rates. During thermal processing, thin film
materials like polysilicon, SiO2, and silicon nitride expand and contract at
different rates compared to the silicon substrate according to their thermal
expansion coefficients.

2.6 Summary

In this chapter, the sources of stress and strain developed during semiconduc-
tor manufacturing are discussed. This is followed by different types of stress
and strain, the state-of-the-art stress generation techniques, for both wafer-
based biaxial and process-induced uniaxial stresses are discussed. Approaches
to enhancing mobility by including mechanical strain in the channel layer to
enhance carrier mobility and saturation velocity, and employing alternative
channel materials such as SiGe and germanium with electron and hole mo-
bilities and carrier velocities higher than those in silicon are addressed. A
judicious choice of crystal orientation and current transport direction may
also provide transport enhancement.

A multidisciplinary effort is required for working on novel CMOS structures
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in the fields of (a) growth and fabrication of novel substrate materials, (b)
device fabrication, (c) characterization, and (d) modeling. It will thus offer a
complete perspective from fundamental characteristics of the new materials
to device processing and performance.

References

[1] S. Thompson, N. Anand, M. Armstrong, C. Auth, B. Arcot, M. Alavi,
P. Bai, J. Bielefeld, R. Bigwood, J. Brandenburg, M. Buehler, S. Cea,
V. Chikarmane, C. Choi, R. Frankovic, T. Ghani, G. Glass, W. Han, T.
Hoffmann, M. Hussein, P. Jacob, A. Jain, C. Jan, S. Joshi, C. Kenyon,
J. Klaus, S. Klopcic, J. Luce, Z. Ma, B. Mcintyre, K. Mistry, A. Murthy,
P. Nguyen, H. Pearson, T. Sandford, R. Schweinfurth, R. Shaheed, S.
Sivakumar, M. Taylor, B. Tufts, C. Wallace, P. Wang, C. Weber, and
M. Bohr, “A 90 nm logic technology featuring 50 nm strained silicon
channel transistors, 7 layers of Cu interconnects, low-k ILD, and 1 μm2

SRAM cell,” IEEE IEDM Tech. Dig., pp. 61–64, 2002.

[2] K. Rim, S. Koester, M. Hargrove, J. Chu, P. M. Mooney, J. Ott, T. Ka-
narsky, P. Ronsheim, M. Ieong, A. Grill, and H.-S. P. Wong, “Strained
Si NMOSFETs for high performance CMOS technology,” VLSI Tech-
nology, pp. 59–60, 2001.

[3] C. K. Maiti, L. K. Bera, and S. Chattopadhyay, “Strained-Si heterostruc-
ture field effect transistors,” Semicond. Sci. Technol., vol. 13, pp. 1225–
1246, 1998.

[4] A. Shimizu, K. Hachimine, N. Ohki, H. Ohta, M. Koguchi, Y. Non-
aka, H. Sato, and F. Ootsuka, “Local mechanical-stress control (LMC):
a new technique for CMOS-performance enhancement,” IEEE IEDM
Tech. Dig., pp. 433–436, 2001.

[5] S. Maikap, C.-Y. Yu, S.-R. Jan, M. H. Lee, and C. W. Liu, “Mechanically
strained strained-Si NMOSFETs,” IEEE Electron Dev. Lett., vol. 25,
pp. 40–42, 2004.

[6] A. Lochtefeld and D. A. Antoniadis, “Investigating the relationship be-
tween electron mobility and velocity in deeply scaled NMOS via me-
chanical stress,” IEEE Electron Dev. Lett., vol. 22, pp. 591–593, 2001.

[7] C. S. Smith, “Piezoresistance effect in germanium and silicon,” Phys.
Rev., vol. 94, pp. 42–49, 1954.



54 Strained-Si Heterostructure Field Effect Devices

[8] D. Colman, R. T. Bate, and J. P. Mize, “Mobility anisotropy and
piezoresistance in silicon p-type inversion layers,” J. Appl. Phys., vol. 39,
pp. 1923–1931, 1968.

[9] G. Dorda, I. Eisele, and H. Gesch, “Many-valley interactions in n-type
silicon inversion layers,” Phys. Rev. B (Solid State), pp. 1785–1798, 1978.

[10] S. Tiwari, M. Fischetti, P. Mooney, and J. Welser, “Hole mobility im-
provement in silicon-on-insulator and bulk silicon transistors using local
strain,” IEEE IEDM Tech. Dig., pp. 939–941, 1997.

[11] P. Smeys, P. B. Griffin, Z. U. Rek, I. De Wolf, and K. C. Saraswat,
“Influence of process-induced stress on device characteristics and its im-
pact on scaled device performance,” IEEE Trans. Electron Dev., vol. 46,
pp. 1245–1251, 1999.

[12] J. Welser, J. L. Hoyt, and J. F. Gibbons, “Electron mobility enhence-
ment in strained-Si N-type metal-oxide-semiconductor field-effect tran-
sistors,” IEEE Electron Dev. Lett., vol. 15, pp. 100–102, 1994.

[13] D. K. Nayak, J. C. S. Woo, J. S. Park, K. L. Wang, and K.
P. MacWilliams, “High-mobility p-channel metal-oxide-semiconductor
field-effect transistor on strained-Si,” Appl. Phys. Lett., vol. 62,
pp. 2853–2855, 1993.

[14] J. L. Hoyt, H. M. Nayfeh, S. Eguchi, I. Aberg, G. Xia, T. Drake, E. A.
Fitzgerald, and D. A. Antoniadis, “Strained silicon MOSFET technol-
ogy,” IEEE IEDM Tech. Dig., pp. 23–26, 2002.

[15] R. W. Keyes, “Explaining strain [in silicon],” IEEE Circuits & Devices
Mag., vol. 35, pp. 36–39, 2002.

[16] J. Welser, J. L. Hoyt, S. Takagi, and J. F. Gibbons, “Strain depen-
dence of the performance enhancement in strained-Si n-MOSFETs,”
IEEE IEDM Tech. Dig., pp. 373–376, 1994.

[17] V. Chan, R. Rengarajan, N. Rovedo, W. Jin, T. Hook, P. Nguyen, J.
Chen, E. Nowak, X.-D. Chen, D. Lea, A. Chakravarti, V. Ku, S. Yang,
A. Steegen, C. Baiocco, P. Shafer, H. Ng, S.-F. Huang, and C. Wann,
“High speed 45 nm gate length CMOSFETs integrated into a 90 nm
bulk technology incorporating strain engineering,” IEEE IEDM Tech.
Dig., pp. 77–80, 2003.

[18] T. Ghani, M. Armstrong, C. Auth, M. Bost, P. Charvat, G. Glass, T.
Hoffmann, K. Johnson, C. Kenyon, J. Klaus, B. McIntyre, K. Mistry,
A. Murthy, J. Sandford, M. Silberstein, S. Sivakumar, P. Smith, K.
Zawadzki, S. Thompson, and M. Bohr, “A 90 nm high volume manu-
facturing logic technology featuring novel 45 nm gate length strained
silicon CMOS,” IEEE IEDM Tech. Dig., pp. 978–980, 2003.



Strain Engineering in Microelectronics 55

[19] P. R. Chidambaram, B. A. Smith, L. H. Hall, H. Bu, S. Chakravarthi,
Y. Kim, A. V. Samoilov, A. T. Kim, P. J. Jones, R. B. Irwin, M. J.
Kim, A. L. P. Rotondaro, C. F. Machala, and D. T. Grider, “35% drive
current improvement from recessed-SiGe drain extensions on 37 nm gate
length PMOS,” IEEE VLSI Tech. Symp. Dig., pp. 48–49, 2004.

[20] K. Mistry, M. Armstrong, C. Auth, S. Cea, T. Coan, T. Ghani, T.
Hoffmann, A. Murthy, J. Sandford, R. Shaheed, K. Zawadzki, K. Zhang,
S. Thompson, and M. Bohr, “Delaying forever: uniaxial strained silicon
transistors in a 90 nm CMOS technology,” IEEE VLSI Tech. Symp.
Dig., pp. 50–51, 2004.

[21] S. E. Thompson, M. Armstrong, C. Auth, S. Cea, R. Chau, G. Glass,
T. Hoffman, J. Klaus, Z. Ma, B. Mcintyre, A. Murthy, B. Obradovic,
L. Shifren, S. Sivakumar, S. Tyagi, T. Ghani, K. Mistry, M. Bohr, and
Y. El-Mansy, “A logic nanotechnology featuring strained-silicon,” IEEE
Electron Dev. Lett., vol. 25, pp. 191–193, 2004.

[22] C.-H. Ge, C.-C. Lin, C.-H. Ko, C.-C. Huang, Y.-C. Huang, B.-W. Chan,
B.-C. Perng, C.-C. Sheu, P.-Y. Tsai, L.-G. Yao, C.-L. Wu, T.-L. Lee,
C.-J. Chen, C.-T. Wang, S.-C. Lin, Y.-C. Yeo, and C. Hu, “Process-
strained Si (PSS) CMOS technology featuring 3D strain engineering,”
IEEE IEDM Tech. Dig., pp. 73–76, 2003.

[23] K.-W. Su, Y.-M. Sheu, C.-K. Lin, S.-J. Yang, W.-J. Liang, X. Xi, C.-S.
Chiang, J.-K. Her, Y.-T. Chia, C. H. Diaz, and C. Hu, “A scaleable
model for STI mechanical stress effect on layout dependence of MOS
electrical characteristics,” Proc. IEEE CICC Conf., pp. 245–248, 2003.

[24] C. Gallon, G. Reimbold, G. Ghibaudo, R. A. Bianchi, R. Gwoziecki, S.
Orain, E. Robilliart, C. Raynaud, and H. Dansas, “Electrical analysis of
mechanical stress induced by STI in short MOSFETs using externally
applied stress,” IEEE Trans. Electron Dev., vol. 51, pp. 1254–1261, 2004.

[25] D. Chidambarrao, X. H. Liu, and K. W. Schwarz, “Combined dislocation
and process modeling for local oxidation of silicon structure,” J. Appl.
Phys., vol. 92, pp. 6278–6286, 2002.

[26] A. Steegen, I. De Wolf, and K. Maex, “Characterization of the local
mechanical stress induced during the Ti and Co/Ti salicidation in sub-
0.25 μm technologies,” J. Appl. Phys., vol. 86, pp. 4290–4297, 1999.

[27] A. Steegen, M. Stucchi, A. Lauwers, and K. Maex, “Silicide induced
pattern density and orientation dependent transconductance in MOS
transistors,” IEEE IEDM Tech. Dig., pp. 497–500, 1997.

[28] S. Pidin, T. Mori, R. Nakamura, T. Saiki, R. Tanabe, S. Satoh, M. Kase,
K. Hashimoto, and T. Sugii, “MOSFET current drive optimization using
silicon nitride capping layer for 65 nm technology node,” IEEE VLSI
Tech. Symp. Dig., pp. 54–55, 2004.



56 Strained-Si Heterostructure Field Effect Devices

[29] M. D. Giles, M. Armstrong, C. Auth, S. M. Cea, T. Ghani, T. Hoffmann,
R. Kotlyar, P. Matagne, K. Mistry, R. Nagisetty, B. Obradovic, R. Sha-
heed, L. Shifren, M. Stettler, S. Tyagi, X. Wang, C. Weber, and K.
Zawadzki, “Understanding stress enhanced performance in Intel 90 nm
CMOS technology,” IEEE VLSI Tech. Symp. Dig., pp. 118–119, 2004.

[30] A. Steegen and K. Maex, “Silicide-induced stress in Si: origin and con-
sequences for MOS technologies,” Mater. Sci. Eng., vol. R38, pp. 1–53,
2002.

[31] S. M. Hu, “Film-edge-induced stress in substrates,” J. Appl. Phys.,
vol. 50, pp. 4661–4666, 1979.

[32] S. L. Hsia, T. Y. Tan, P. Smith, and G. E. McGuire, “Resistance and
structural stabilities of epitaxial CoSi2 films on (001) Si substrates,” J.
Appl. Phys., vol. 72, pp. 1864–1873, 1992.

[33] K. Ota, K. Sugihara, H. Sayama, T. Uchida, H. Oda, T. Eimori, H.
Morimoto, and Y. Inoue, “Novel locally strained channel technique for
high performance 55 nm CMOS,” IEEE IEDM Tech. Dig., pp. 27–30,
2002.

[34] S. L. Toh, K. P. Loh, C. B. Boothroyd, K. Li, C. H. Ang, E. Er,
and L. Chan, “Reduction of local mechanical stress in a transistor us-
ing Si3N4/SiOxNy contact ESL,” Electrochem. Solid-State Lett., vol. 8,
pp. G38–G40, 2005.

[35] S. Pidin, T. Mori, K. Inoue, S. Fukuta, N. Itoh, E. Mutoh, K. Ohkoshi,
R. Nakamura, K. Kobayashi, K. Kawamura, T. Saiki, S. Fukuyama, S.
Satoh, M. Kase, and K. Hashimoto, “A novel strain enhanced CMOS
architecture using selectively deposited high tensile and high compressive
silicon nitride films,” IEEE IEDM Tech. Dig., pp. 213–216, 2004.

[36] A.V-Y. Thean, L. Prabhu, V. Vartanian, M. Ramon, B-Y. Nguyen, T.
White, H. Collard, Q-H. Xie, S. Murphy, J. Cheek, S. Venkatesan, J.
Mogab, C.H. Chang, Y.H. Chiu, H. C. Tuan, Y. C. See, M. S. Liang,
and Y. C. Sun, “Uniaxial-biaxial stress hybridization for super-critical
strained-Si directly on insulator (SC-SSOI) PMOS with different channel
orientations,” IEEE IEDM Tech. Dig., pp. 509–512, 2005.

[37] R. Khamankar, H. Bu, C. Bowen, S. Chakravarthi, P. R. Chidambaram,
M. Bevan, A. Krishnan, H. Niimi, B. Smith, I. Blatchford, B. Homung,
J. P. Lu, P. Nicollian, B. Kirkpatrick, D. Miles, M. Hewson, D. Far-
ber, L. Hall, H. Al Shareef, A. Varghcse, A. Gurba, V. Ukraintsev, B.
Rathsack, J. DeLoach, I. Tran, C. Kaneshigc, M. Somcrvell, S. Aur, C.
Machala, and T. Grider, “An enhanced 90 nm high performance tech-
nology with strong performance improvements from stress and mobility
increase through simple process changes,” IEEE VLSI Tech. Symp. Dig.,
pp. 162–163, 2004.



Strain Engineering in Microelectronics 57

[38] C.-H. Chen, T. L. Lee, T. H. Hou, C. L. Chen, C. C. Chen, J. W. Hsu,
K. L. Cheng, Y. H. Chiu, H. J. Tao, Y. Jin, C. H. Diaz, S. C. Chen,
and M.-S. Liang, “Stress memorization technique (SMT) by selectively
strained-nitride capping for sub-65 nm high-performance strained-Si de-
vice application,” IEEE VLSI Tech. Symp. Dig., pp. 56–57, 2004.

[39] F. Nouri, P. Verheyen, L. Washington, V. Moroz, I. De Wolf, M.
Kawaguchi, S. Biesemans, R. Schreutelkamp, Y. Kim, M. Shen, X. Xu,
R. Rooyackers, M. Jurczak, G. Eneman, K. De Meyer, L. Smith, D. Pra-
manik, H. Forstner, S. Thirupapuliyur, and G. S. Higashi, “A systematic
study of trade-offs in engineering a locally strained pMOSFET,” IEEE
IEDM Tech. Dig., pp. 1055–1058, 2004.

[40] G. Eneman, P. Verheyen, R. Rooyackers, F. Nouri, L. Washington, R.
Degraeve, B. Kaczer, V. Moroz, A. De Keersgieter, R. Schreutelkamp,
M. Kawaguchi, Y. Kim, A. Samoilov, L. Smith, P. P. Absil, K. De Meyer,
M. Jurczak, and S. Biesemans, “Layout impact on the performance of a
locally strained PMOSFET,” IEEE VLSI Tech. Symp. Dig., pp. 22–23,
2005.

[41] F. Ootsuka, S. Wakahara, K. Ichinose, A. Honzawa, S. Wada, H. Sato,
T. Ando, H. Ohta, K. Watanabe, and T. Onai, “A highly dense, high-
performance 130 nm node CMOS technology for large scale system-on-
a-chip applications,” IEEE IEDM Tech. Dig., pp. 575–578, 2000.

[42] S. Ito, H. Namba, K. Yamaguchi, T. Hirata, K. Ando, S. Koyama, S.
Kuroki, N. Ikezawa, T. Suzuki, T. Saitoh, and T. Horiuchi, “Mechani-
cal stress effect of etch-stop nitride and its impact on deep submicron
transistor design,” IEEE IEDM Tech. Dig., pp. 247–250, 2000.

[43] L. K. Bera, W. Y. Loh, L. H. Guo, X. W. Zhang, G. Q. Lo, N. Bala-
subramanian, and D.-L. Kwong, “The impact of uniform strain applied
via bonding onto plastic substrate on MOSFET performance,” IEEE
Electron Dev. Lett., vol. 27, pp. 58–61, 2006.

[44] K. Uchida, R. Zednik, C.-H. Lu, H. Jagannathan, J. McVittie, P. C.
McIntyre, and Y. Nishi, “Experimental study of biaxial and uniaxial
strain effects on carrier mobility in bulk and ultrathin-body SOI MOS-
FETs,” IEEE IEDM Tech. Dig., pp. 229–232, 2004.

[45] K. Uchida, H. Watanabe, A. Kinoshita, J. Koga, T. Numata, and S. Tak-
agi, “Experimental study of carrier transport mechanism in ultrathin-
body SOI n- and p-MOSFETs with SOI thickness less than 5 nm,” IEEE
IEDM Tech. Dig., pp. 47–50, 2002.

[46] J. P. Peng, D. Chidambarrao, and G. R. Srinivasan, “Novel: a nonlinear
viscoelastic model for thermal oxidation of silicon,” COMPEL, vol. 10,
pp. 341–353, 1991.



58 Strained-Si Heterostructure Field Effect Devices

[47] V. Senez, D. Collard, and B. Baccus, “Analysis and application of a vis-
coelastic model for silicon oxidation,” J. Appl. Phys., vol. 76, pp. 3285–
3296, 1994.

[48] H. Umimoto and S. Odanaka, “Three-dimensional numerical simula-
tion of local oxidation of silicon,” IEEE Trans. Electron Dev., vol. 38,
pp. 505–511, 1991.

[49] S. Cea and M. E. Law, “Three dimensional nonlinear viscoelastic oxida-
tion modeling,” Proc. SISPAD, pp. 97–98, 1996.

[50] H. Rueda, S. Cea, and M. E. Law, “Mechanical stress modeling for
silicon fabrication processes,” Proc. SISPAD, pp. 53–55, 1997.

[51] G. Scott, J. Lutze, M. Rubin, F. Nouri, and M. Manley, “NMOS drive
current reduction caused by transistor layout and trench isolation in-
duced stress,” IEEE IEDM Tech. Dig., pp. 827–830, 1999.

[52] M. E. Law and S. M. Cea, “Continuum based modeling of silicon in-
tegrated circuit processing: an object oriented approach,” Comp. Mat.
Sci., vol. 12, pp. 289–308, 1998.

[53] S. M. Cea, M. Armstrong, C. Auth, T. Ghani, M. D. Giles, T. Hoffmann,
R. Kotlyar, P. Matagne, K. Mistry, R. Nagisetty, B. Obradovic, R. Sha-
heed, L. Shifren, M. Stettler, S. Tyagi, X. Wang, C. Weber, and K.
Zawadzki, “Front end stress modeling for advanced logic technologies,”
IEEE IEDM Tech. Dig., pp. 963–966, 2004.

[54] V. Moroz, N. Strecker, X. Xu, L. Smith, and I. Bork, “Modeling the
impact of stress on silicon processes and devices,” Mat. Sci. Semicond.
Proc., vol. 6, pp. 27–36, 2003.

[55] Z. Krivokapic, V. Moroz, W. Maszara, and M.-R. Lin, “Locally strained
ultrathin channel 25 nm narrow FDSOI devices with metal gate and
mesa isolation,” IEEE IEDM Tech. Dig., pp. 445–448, 2003.



3

Strain-Engineered Substrates

An engineered substrate is a material that can be fabricated and introduced in
the conventional silicon manufacturing, resulting in products that are unique
and could not have been fabricated using only silicon substrate. Engineered
substrates generally shall have different lattice constants. In 1992, several
researchers demonstrated that controlled strain could result in up to a dou-
bling of speed in manufacturable CMOS transistors. Mobility enhancement
in Si has been demonstrated utilizing engineered substrates, for example, by
straining the Si channel. Until recently, researchers have focused on biaxial
strain, created by growing high-quality layers of strained material across the
entire wafer. Because of the conflicting effects that strain has on n- and p-
MOSFETs, the whole-wafer approach of building strain into silicon typically
improves the performance of one transistor type more than that of the other,
which has held back the commercial use of biaxial strain. However, electron
and hole mobility can be optimized separately by patterning substrates to
expose different Si crystal faces for each device.

Another approach toward strain engineering has been to selectively strain
parts of individual transistors. Using this local effect, known as uniaxial strain
engineering, one can impose either tensile or compressive strain on both n- and
p-MOSFETs on the same wafer and hence the CMOS circuitry performance
gets better as a whole. It is expected that by combining the biaxial strain
with uniaxial strain will enable one to compensate for the uneven effect that
substrate strain has on the different types of CMOS devices. It is important
to note that biaxial strain offers some advantages, such as uniformity of strain
for all transistors, which uniaxial strain cannot provide.

In this chapter, we discuss the present trends and applications of strained-
Si films in SiGe-based CMOS technology. In-depth discussion will cover the
epitaxial (both homo- and heteroepitaxy) film growth and characterization of
the strained-Si layers on virtual substrates. The status of the use of several
high-mobility substrates and their fabrication will be covered. The impact of
defects on the electrical device performance such as leakage current and carrier
lifetime will be addressed. Principle as well as the corresponding engineered
substrates and their fabrication process will be presented.

A large number of characterization is necessary for strained layers, i.e.,
strain state, thickness uniformity, defectivity, and mobility data will be dis-
cussed. We will focus on SSOI, giving a technical status on the wafer quality
presenting a wide set of data obtained through specific characterization tech-
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niques, including crystal defect revelation on thin films.

3.1 Epitaxy

For the past 40 years, the material of choice for the semiconductor industry
has been Si. Currently, almost all semiconductor-based systems are built on a
particular bulk substrate material with constant lattice. Besides creating new
materials on a silicon substrate, new lattices of the bulk lattice constants can
be used to strain thin layers of traditional materials, such as silicon and ger-
manium. The limitations of lattice-matched semiconductor systems are the
nonaccessability of the rich nature of semiconductor bandgaps and lattice con-
stants. Lattice engineering allows one to engineer bandgap and structures and
can be used to strain thin layers of traditional materials such as silicon and ger-
manium. In general, electronic performance improves as the lattice constant
increases within a class of semiconductor materials. For example, Si is used
for digital applications, whereas III-V and II-VI materials are used mostly for
high frequency and optical applications. The lattice constants inbetween Si
and Ge offer a host of new materials and devices that can be constructed in
the Si CMOS manufacturing infrastructure. These performance limitations
forced the evolution of lattice-mismatched systems which will allow the inte-
gration of any material (film) on any bulk semiconductor substrate. In early
epitaxial growth research, many lattice-mismatched films were deposited on
bulk semiconductors, but the lattice-mismatch between the film and substrate
led to poor material quality. Thus, nearly all electronic and optoelectronic
systems are still being built on fixed lattice constant bulk semiconductors.

During the last 20 years, various process options that were being consid-
ered include: strain engineering - both global (wafer level) and local (process
strain) and different engineered substrate options where thin silicon layers are
transferred onto silicon substrates. Staying within the constraints of lattice-
matching, researchers in the mid-1970s began to explore incorporating slightly
mismatched semiconductor films by keeping the level of mismatch and the
film thickness below the critical thickness. In particular, the most important
engineered substrate now is the SiGe-Si system which has migrated into appli-
cations for the strained-SiGe base heterojunction bipolar transistors (HBTs).
Parallel research efforts over the past 20 years in epitaxy, strain-relaxed semi-
conductor epitaxy, and wafer-bonding technology are ushering in a new age
of lattice-mismatched substrate engineering. Some examples are SOI wafers,
SiGe, and strained-Si. With the flexibility to combine thin highly strained
layers and films composed of previously unattainable lattice constants, one
can now fabricate materials that have not existed before that may find appli-
cations in microelectronics.
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FIGURE 3.1
Schematic representation of the five crystal growth modes most frequently

occurring on flat surfaces of substrate crystals. (a) Layer-by-layer or Frank-
van der Merwe (FM mode); (b) step flow (SF mode); (c) layer plus island or
Stranski-Krastanov (SK mode); (d) island or Volmer-Weber (VW mode); and
(e) columnar growth mode (CG mode). After O. L. Guise, Production and
Characterization of Novel Nanostructure Materials, Ph.D. Thesis, University
of Pittsburgh, 2005.

The concept of epitaxy was introduced by L. Royer in 1928 to describe the
growth of crystalline nuclei on various solid substrates. Epitaxy, in general,
means the ordered growth of a crystalline or, at least, highly oriented material
over another one, acting as substrate. The increase of a solid by addition of
new atoms or molecules of the same material on top of its surface is called
“homoepitaxy.” Oriented or single crystalline growth of layer occurs on a
substrate of a different material is known as “heteroepitaxy.”

Heteroepitaxy is the process of growing a film with equilibrium lattice con-
stant that is different from that of the substrate. Heteroepitaxy of semicon-
ductor materials has been an active area of research for the last four decades.
The interest is driven by the possibility of creating novel heterostructure elec-
tronic and optical devices [1], as well as integrating existing devices in different
material systems, leading to the production of integrated circuits with an in-
creased functionality and at a lower cost. The foundation of heteroepitaxy
was laid by two important contributions. Frank and van der Merwe in 1949
[2] showed theoretically that if a lattice mismatched layer is grown on a thick
substrate, the layer will be pseudomorphic provided the mismatch is small
and thickness of the layer is not large. Shockley suggested the use of semicon-
ductors of different bandgaps for fabrication of heterostructure devices [3].

Heteroepitaxy is widely employed in semiconductor technology, through the
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choice of proper materials and alloys, artificial structures, such as quantum
wells and superlattices, can be grown with precisely tuned properties. In the
epitaxial approach, when an alloy with a different lattice constant is epitaxially
grown on substrate, initially, the growth is coherent, however, dislocations,
called misfit dislocation, form with increasing thickness. As the layer thick-
ness of the epitaxial film is increased, the total strain energy of the system
increases and, at some critical thickness, it would be energetically favorable
to relax the lattice by dislocation formation. Understanding the nucleation
and propagation of dislocations introduced into lattice mismatched semicon-
ductors is important in developing techniques for creating lattice engineered
substrates. How misfit dislocations are introduced, i.e., the kinetics of dis-
location introduction, is an active area of research, especially experimentally
measuring the velocities of dislocations in strained layers. In addition to the
velocity of dislocations, nucleation plays an important role, specifically the
presence or absence of heterogeneous nucleation sources.

The main factors contributing to the appearance of a growth mode over
another one are the lattice mismatch between material A and material B, the
growth temperature, the evaporation rate and the surface energies of both
materials as well as the interface energy. Heteroepitaxial films can grow in
the following modes, as shown schematically in Fig. 3.1. One can easily
distinguish five growth modes (most frequently occurring) upon deposition of
a material B on a substrate A. These growth modes are: (a) Frank-van der
Merwe (FM) or layer by layer; (b) step-flow mode (SF); (c) Stranski-Krastanov
(SK) or layer plus island; (d) Volmer-Weber (VW) or island growth mode;
(e) columnar growth mode (CG). Another type of heteroepitaxy, named van
der Waals (vdW) epitaxy occurs when the film and substrate interact only
through van der Waals forces such as growth of organic thin films on inorganic
substrates.

In heteroepitaxy, FM, SK, and VW growth modes are the most important.
The Frank-van der Merwe (FM), or layer-by-layer mode, leads to smooth
surfaces. It is characterized by the fact that each monolayer starts growing
by 2D islands, after the previous one is completed. FM growth is favored
when the misfit is very low and when the surface free energy of the film is
lower than the sum of the one of the substrate and of the interface free energy
(full wettability). In fact, the growth mode also depends on the elastic strain
ε in the film which depends on the lattice mismatch between the substrate A
(lattice constant aA) and the film B (lattice constant aB): ε = (aB-aA)/aA.
The lattice mismatch between A and B should be small for the FM growth
mode to occur. It is very common in homoepitaxy and is often observed when
metals grow on metal substrates.

In Frank-van der Merwe (FM) or layer-by-layer growth mode will occur if,
upon deposition of a material B on a substrate A, the atoms or molecules
of B bound more strongly to A than to each other. After the formation of
a monolayer, the substrate is covered with a second monolayer which is less
tightly bound than the first one. From a simplified energetic standpoint, if
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FIGURE 3.2
Schematic diagram of epitaxial strain relaxation via island formation.

the surface free energy of B is lower than the surface free energy of A, the
interface energy between A and B being neglected, then the material B will
wet the substrate A and layer-by-layer growth occurs.

The Volmer-Weber (VW), or island mode is the opposite one, which leads
to the formation of 3D islands nucleating over the substrate surface. Volmer-
Weber or Island Growth Mode involves the direct nucleation of 3D islands or
clusters of material B on substrate A. The driving mechanism is opposite to
the one for the FM mode: the atoms or molecules of B bound stronger to each
other than to A. Again, from a simplified energetic standpoint, the surface
free energy of B is larger than the surface free energy of A, the interface energy
between A and B being neglected. Again, the growth mode also depends to
some extent on the elastic strain ε in the film. In terms of surface free energy,
VW mode occurs when the surface energy of the film is larger than the ones
of the substrate and interface, as it is frequently the case when the elastic
energy produced by a sizable misfit is included. This mode is often observed
for the growth of metals on insulators, including metals on alkali halides and
graphite.

An intermediate situation is the Stranski-Krastanov (SK), or layer-plus-
island mode, and it is characterized by the layer-by-layer growth of a few
monolayer (the so-called wetting layer), followed by the nucleation of 3D
crystalline islands on top of them. Because of the lattice mismatch between
substrate A and deposited material B, the strain accumulated in the wetting
layer of B on A linearly increases with the thickness of the wetting film. After
the formation of a few wetting layers of material B on substrate A, the subse-
quent layer growth becomes unfavorable and the growth mode converts to the
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formation of islands (see Fig. 3.2). It is important to have a balance between
the energy that would be gained from relaxing with 3D islands and the free
surface energy building up. The SK mode is the most widespread growth
mode in heteroepitaxy. This layer-plus-island process is the most frequent
one: It is produced by an increasing imbalance with thickness between the
tendency to wet the substrate surface and the accumulation of elastic energy
by misfit in the film. Strain plays an important role in SK mode. The en-
ergy responsible for the growth of islands increases considerably with strain.
The driving mechanism is the very efficient strain energy relaxation possible
with the formation of 3D islands by lateral expansion or compression in the
direction of the free faces because the material B conforms to the lattice of
the substrate A for the first layers.

The growth of SiGe on Si(100) proceeds via the SK growth mode. In the
early stages of Ge deposition on Si(100), i.e., below the 2D/3D threshold,
the formation of a Ge wetting layer takes place. After the formation of a
Ge wetting film, whose thickness depends on the experimental conditions
(substrate temperature and deposition rate), 3D Ge islands nucleate randomly
on the surface by self-assembly to relieve the strain accumulated in the Ge
wetting layer. Growth kinetics play an important role in the 2D-3D transition
so the substrate temperature can be used to tune the morphology of the
resulting islands. One can distinguish the three regimes: below transition,
after transition and formation of islands, and coalescence of islands. The
difference in growth mode between SiGe islands (Stranski-Krastanov) and
SiGeC islands (Volmer-Weber) can be easily characterized by RHEED, x-ray
scattering or cross-sectional TEM.

Ge is deposited on a Si surface modified by misfit dislocations generated in
buried compositionally graded Si1−xGex layers. Two types of such layers are
typically made. The first type consists of linear graded films where the Ge
composition is increased with a grading rate of 10% per micrometer. A Si layer
caps the graded structure. The dislocation strain accumulated in the buried
system propagates through the Si capping layer. Fitzgerald et al. [4] have
shown that a nonuniform distribution of misfit dislocations in heteroepitaxial
systems generates a nonuniform distribution of elastic strain at the surface.

3.2 Heteroepitaxy and Strain Control

An important parameter in heteroepitaxy is the geometric misfit f, expressing
(usually in percentage) the amount of mismatch between the two structures,
along one surface vector or the other one:

f =
aB − aA

aA
(3.1)
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where aA and aB are the unstrained lattice parameters of the two lay-
ers. Germanium has a 4.2% larger lattice constant than silicon. The lattice
constant of relaxed- or bulk-Si1−xGex films (0 < x < 1) is almost linear as pre-
dicted by Vegard’s law although small variations to this have been measured.
An approximation accurate to about 10−4 nm is given by [5]:

aSi1−xGex = 0.5431 + 0.01992x + 0.0002733x2 nm. (3.2)

If a thin Si1−xGex film is grown on top of a Si1−yGey film then for x > y
the top layer is compressively strained (Fig. 3.3(b)) while for x < y the layer
is tensile strained (Fig. 3.3(d)). In both cases the strain is in the plane of the
layer (εx = εy = ε‖) but this strain also produces a perpendicular strain, ε⊥,
resulting in a tetragonal distortion to the lattice (Fig. 3.3(b)). In isotropic
elasticity theory the strains are related by Poisson ratio, ν , through

ε⊥ =
−2ν

1 − ν
ε‖ (3.3)

If the unstrained lattice parameters of the two layers are defined as aA and
aB, respectively, with thicknesses hA and hB and assuming aA < aB (Fig. 3.3
(a)) then the tetragonal distortion produces a parallel lattice constant (Fig.
3.3(b)),

a‖ = aA

[
1 +

f(
1 + GAhA

GBhB

)
]

(3.4)

where Gi are the shear moduli of each layer and hi are the thicknesses.
The in-plane strain in layer A is given by the term and so in equilibrium the
in-plane strain of layer A, εA

‖ , is related to the strain in layer B, εB
‖ through

εA
‖ = −

(
GBhB

GAhA

)
εB
‖ (3.5)

Since the stress imposed by the substrate, σ‖, is 2D and the component
perpendicular to the surface, σ⊥, is zero, the epitaxial film is free to rearrange
its lattice parameter perpendicular to the surface, in such a way that its
internal energy is minimized. The resulting strain components are ε‖ and ε⊥,
parallel and perpendicular to the surface, respectively. They are opposite in
sign, since the natural tendency of the strained structure is to preserve the
volume of the unit cell. In fact, they can be expressed in terms of stress
components, via the elastic equations involving the Poisson ratio ν and the
Shear modulus μ, which are in turn related to the bulk modulus B, that is,
the stiffness of the material.

As long as the film is strained in such a way that its in-plane lattice con-
stants match those of the substrate, the modulus of the parallel strain equals
the misfit. As the thickness h increases, the elastic energy increases corre-
spondingly, up to a limit hc above which the uniformly strained state is no
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FIGURE 3.3
(a) A schematic diagram of the bulk lattice constant of a thin Si1−xGex film
to be grown on top of a thin bulk-silicon layer. (b) A schematic diagram
showing the tetragonal lattice distortion when the two films from (a) are
placed together with the top Si1−xGex film being compressively strained. (c)
A schematic diagram of the bulk lattice constants of a bulk-Si film to be grown
on top of a bulk-Si1−yGey film. (d) A schematic diagram of the two films in
(c) placed together with the top film being tensile strained. After D. J. Paul,
Semicond. Sci. Technol., Vol. 19, 2004(R75-R108).
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FIGURE 3.4
Threading dislocation as source of misfit dislocation. Fs and Fd are, respec-

tively, the force due to the self-stress and the Peach-Koelher forces.

longer energetically favorable. The system can lower its total free energy in-
stead, by generating so-called misfit dislocations (Fig. 3.3), in order to relieve
part of the strain.

In practice, the calculation of the critical thickness hc is not an easy task,
since several contributions enter the energy balance. In the simplest approach,
one assumes thermodynamic equilibrium and takes into account just two elas-
tic energy contributions: (a) the energy due to the residual homogeneous
strain ε‖ < f and (b) the energy stored in the inhomogeneous strain field of a
square grid formed by two independent sets of parallel dislocation lines.

For a given layer/substrate system with a misfit f, there will be a special
thickness, known as the critical thickness, hc first predicted by Frank and
van der Merwe [2], at which introducing an interfacial dislocations array will
reduce the energy of the system. Another and strictly equivalent approach
of this problem is to consider the development of an interfacial dislocation
from a pre-existing threading dislocation (Fig. 3.4) driven by the misfit stress
in the layer opposing its self-stress. An implicit expression for hc at a given
misfit f is obtained by setting to zero the first derivative of the total elastic
energy, at zero dislocation density:

hc =
b(1 − νcos2θ)

8πf(1 + ν)cosλ

(
ln

4tc
b

)
(3.6)
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FIGURE 3.5
Experimental dependence of the critical thickness with the misfit, as predicted
by Eqn. 3.6 for SiGe/Si(001).

where λ is the angle between the slip direction and that direction in the
interface which is perpendicular to the line of intersection of the slip plane
with the interface, θ the angle between the dislocation line and its Burgers
vector, b the Burgers vector modulus, and ν is the Poisson coefficient.

Examination of experimental results of heteroepitaxial growth revealed that
generally the transition, between the strained unrelaxed state and the relaxed
one (at least partially), occurred at larger thickness than predicted by the
simple equilibrium theory [6, 7]. This discrepancy is high, if the misfit is low
and also the growth temperature. This fact is obviously related to kinetic fac-
tors inhibiting the formation of the misfit dislocation arrays. Three principal
kinetic models have been proposed [8, 9, 10], and are based on the existence of
energy barriers involved in the formation, motion, and multiplication of misfit
dislocations. All these models allow to bring the theoretical critical thickness
closer to the experimental points, either in the case of low mismatched systems
[8, 9] or in the case of higher misfit [10]. In Fig. 3.5, experimental dependence
of the critical thickness hc with the misfit f for Si1−xGex layers on Si(001),
where the misfit is proportional to the Ge fraction, is shown. Experimentally
it was observed that many pseudomorphic layers could be grown well above
the critical thickness values predicted from the above equilibrium theories.

A number of models have been developed to predict the critical thickness
of the strained epitaxial layer. van der Merwe [11] reported a thermodynamic
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equilibrium model by minimizing the total energy of a system with the gen-
eration of a periodic array of dislocations. This produced a critical thickness
defined as

hc � 19
16π2

(
1 + ν

1 − ν

)(
b

f

)
(3.7)

where b is the slip distance which for misfit dislocations is the Burgers
vector. For a bulk-silicon substrate b = 0.4 nm and more generally aA/

√
2

where aA is the lattice constant of the relaxed substrate.
Matthews and Blakeslee used an equivalent approach of balancing the forces

for a propagating and threading dislocation [12]. Balancing the force of the
threading dislocation arm in an uncapped epilayer with the restoring line
tension force from the self-energy of the extra interfacial dislocation created
during relaxation and solving produces a critical thickness of

hc � b

2πf

(1 − νcos2θ)
(1 + ν)cosλ

[
ln

(
hc

b
+ 1

]
(3.8)

where θ is the angle between the dislocation line and its Burgers vector
and λ is the angle between Burgers vector and the direction in the interface
normal to the dislocation line. By taking the misfit between pure Si and Ge
then f = 0.0418, cos λ = cos θ = 0.5 for 60o mixed a/2<110> dislocations,
Eqn. (3.8) reduces to

hc � 0.55
x

ln(10hc) (hc � 1.7793x−1.2371 nm) (3.9)

More reliable predictions were reported by Houghton [9] in an extensive
study which also considered the nucleation of dislocations in single and multi-
ple epilayers. A general expression for the extent of plastic strain relaxation,
Δε(t), of a strained layer under an arbitrary thermal cycle of temperature T
in time, t, was also developed, producing

Δε(t) =
BνNot

2cosλ

2

(
τeff

μ

)y

exp

[−(QN + Qv)
kBT

]
(3.10)

where B is a material constant, v is the misfit dislocation extension velocity,
No is the density of incipient nucleation centers for dislocations at t = 0,
QN is the activation energy for nucleation of a misfit dislocation, Qv is the
activation energy for a/2<110> 60o type dislocation glide, τeff is the effective
stress, y is a material parameter equal to 4.5, μ is the shear modulus and kB

is Boltzmann’s constant. Qn + Qv has been measured to be 4.75 eV and
therefore the plastic strain relaxation has a large variation with temperature.
Adding the experimentally extracted parameters into Eqn. (3.10) reduces the
equation to

Δε(t) = 9.4× 103Not
2(τeff )4.5exp

[
−

(
4.75
kBT

)]
(3.11)
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TABLE 3.1

Strained-Si film requirements.
Particle levels <200@0.25μm

(limited by measurement technique) <20@0.5μm
Threading Dislocation Density (TDD) ∼ 10E4

Pile-up Dislocation Density 0 (cm/cm2)
Surface Roughness 10×10; Ra 7.5 Å

1×1; Ra 0.5 Å
Germanium Uniformity <0.5%

Strained-Si Thickness Uniformity < 2%
Fully Relaxed Layer < 99%

One significant result of this work was demonstrating that a cap layer of the
same composition as the substrate does not provide any significant protection
to the strained layer from relaxation on account of cancellation of the strain
fields of the dislocations produced. Through analysis of data from a number of
different types of epitaxially grown SiGe layers, the misfit extension velocity
for a/2<110> 60o dislocations was demonstrated to be independent of the
strain layer geometry, Ge fraction of the epilayer and the effective stress. An
empirical equation with the velocity and τeff in MPa was determined to be

ν = 9.8 × 104(τeff )2exp

[
−

(
2.25
kBT

)]
(3.12)

This study also demonstrated that the nucleation and glide of misfit dislo-
cations in Si1−xGex/Si heterostructures are independent, thermally activated
processes in the initial stages of strain relief when the nucleations center den-
sity, N(t), is low (≤104 cm−1). The nucleation rate for misfit dislocations was
determined to be

dN(t)
dt

= 0.7× 105(τeff )2.5exp

[
−

(
2.5
kBT

)]
(3.13)

If the misfit is within some percent, as in case of Ge on Si(001) with f
(4.2%), elastic relaxation takes place before the critical thickness for disloca-
tion nucleation is reached. In this case, ε‖ is lowered via surface roughening,
which allows for local lateral expansion of the lattice parameter at the edges
of 2D islands, or at the facets of 3D aggregates, including the case of surface
modulations.

The requirements for engineered substrates may be summarized as follows:
• Surface quality must be appropriate for leading edge processes. Needs to

be comparable to conventional Si substrate,
• Material must be compatible with silicon-based process technologies and

have relatively few integration issues,
• Must also be compatible with other materials systems such as SOI to

address future technology nodes,
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• Price must be competitive, e.g., cost advantage over purchase of next-
generation lithography for equivalent performance enhancement, and

• Ge fraction must be high enough to provide pMOS and nMOS enhance-
ment while maintaining a workable strained-Si layer thickness.

3.3 Engineered Substrates: Technology

The huge costs of scaling CMOS devices according to Moore’s law have
left the silicon industry at a crossroad. In order to improve the speed of
VLSI/ULSI circuits, new materials and device structures are being proposed.
Recent progress in the heteroepitaxial deposition of group-IV alloys, specifi-
cally Si1−xGex and its variants on Si, has led to the application of bandgap
engineering techniques to silicon-based heterostructure bipolar and field-effect
devices. Currently, the majority of the SiGe heterobipolar devices are basi-
cally a Si-BJT with Ge selectively introduced in the base region. This means
that existing Si fabrication processes can be easily modified to produce SiGe-
HBTs. The only additional process is depositing Ge in the base region. How-
ever, stability is a major concern for the epitaxially grown SiGe layers as
one cannot exceed the critical layer thickness for a given Ge mole fraction.
Exceeding this limit leads to the formation of defects that can result in an
unstable or metastable film and ultimately render the device useless.

A major issue for the device designers is to achieve symmetrical electrical
operation from equivalently sized n- and p-MOSFETs for increased packing
density in CMOS circuits. However, the p-channel (pMOS) devices are inferior
to the n-channel (nMOS) ones in terms of current drive capability and speed
performance. This is a consequence of lower mobility of holes compared to
that of electrons in Si. Thus, size of the pMOS device is made 2-3 times
larger compared with nMOS device, thereby affecting the integration density
and speed. A higher mobility in the channel of a p-MOSFET will improve
both circuit speed and the level of integration in CMOS. One possibility is to
fabricate Si heterostructure devices using group-IV semiconductor materials
on Si substrates.

Germanium and carbon are widely used heterojunction partners with Si.
The lattice mismatch between Ge and Si, and Si and C is approximately 4.2%
and 52%, respectively. There is a significant band gap difference between
Si (1.12 eV), Ge (0.67 eV) and C (5.5 eV) which allows the possibility of
bandgap engineering in group-IV alloys. SiGe is a Si-based alloy, which has
been widely studied in the last decade. strained-Si/Si1−xGex/Si heterojunc-
tions and quantum wells have been employed in manufacturing many micro-
electronic and optoelectronic devices, such as heterojunction bipolar transis-
tors, MOSFETs, infrared photodetectors, and optical waveguide devices. In
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all these applications, the heterointerface between Si and SiGe plays a crucial
role. The addition of C has demonstrated further modification of the elec-
tronic and optical properties of Si/SiGe alloys. Carbon varies the degree of
strain in the Si/SiGe system, an important parameter in the optoelectronic
properties and thermal stability of the alloy.

The fundamental limitation of SiGe alloy films on Si substrate is the lattice
mismatch between the film and substrate, especially for Si1−xGex with high
Ge content. The constrain in critical layer thickness of strained Si1−xGex

layers has imposed severe limitations on device structures, restricting their
application only for low Ge concentration, thin active layer and relatively low
process temperature windows. An interesting approach that has been used is
the addition of small amount of C in SiGe films to perform strain engineering
[13]. Since C is a much smaller atom than Si, while Ge is larger, C provides
dilational strain, which compensates the compressive strain provided by Ge
and hence increases the critical thickness as shown in Fig. 3.5. Estimates of
how much C is needed for complete strain compensation in SiGe films range
from Ge-to-C ratios of 8:1 to 13:1, with a gradual consensus building up at
a Ge-to-C ratio of 8.5:1 [14]. Therefore, incorporating relatively small-sized
carbon atoms substitutionally into SiGe system enables one to compensate
the strain, allowing more flexibility in strain and bandgap engineering.

The advances in the growth of strained-Si layers on relaxed-SiGe buffer
layers, combined with higher values of both the hole and electron mobilities
in strained-Si, have led to increased interest in silicon-based heterojunction
field-effect transistors using conventional Si-processing technology. Strained-
Si technology enables improvements in CMOS performance and functionality
via replacement of the bulk, cubic-crystal Si substrate with a Si substrate
that contains a tetragonally distorted, biaxially strained-Si thin film at the
surface. Due to changes in its crystalline structure (i.e., its symmetry is
different due to its strain state), the strained-Si film has electronic properties
that are superior to those of bulk-Si. Specifically, the strained-Si film has
greater electron and hole mobilities, which translate into greater drive current
capabilities for nMOS and pMOS transistors, respectively. This increased
transistor drive current can be traded off for a reduction of dynamic power
consumption [15, 16]. The ability to tailor the performance of strained-Si
technology for each specific application will have a far-reaching impact, from
high-speed products like microprocessors and field-programmable gate arrays,
to the low-power products used in wireless communications and other mobile
devices.

The key to enabling high-performance devices is the fabrication of low-
defect density strained-Si films. The lattice mismatch in SiGe material system
is 4.2%, resulting in a very high misfit and threading dislocation density. Early
work on the nature of misfit dislocation nucleation has revealed that high mis-
match strain nucleate many threading dislocations locally, resulting in a high
threading dislocation density. However, a slow introduction of strain at high
temperature has shown that dislocation nucleation could be controlled (i.e.,
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no rampant nucleation) and dislocation propagation could be encouraged, re-
sulting in a more global means of strain relief. The combination results in
slightly mismatched layers with a high degree of relaxation and low threading
dislocation density. Most of the research has concentrated on devices having
strained layers with thicknesses below the critical thickness. Growing a Si
layer on a SiGe film, which has a larger lattice constant than Si, generates
the strained-Si heterostructure. The challenge faced when forming this het-
erostructure is the engineering of the lattice constant of the SiGe film. The
challenge faced when forming this heterostructure is the engineering of the
lattice constant of the SiGe film.

Among the lattice-mismatched heterostructures, SiGe heterostructures are
usually formed via coherent structures, in which the SiGe layer is pseudomor-
phic to the underlying silicon substrate being subjected to misfit strain and
structures incorporating a virtual substrate (VS), designed to accommodate
the lattice mismatch between the silicon substrate and the overlying active
layer. When a thin film with a larger lattice constant (e.g., Si1−xGex) is grown
on a smaller lattice constant substrate (e.g., silicon), the film maintains in-
plane lattice constant of the substrate and is under a biaxially compressive
strain. This is known as the type-I band alignment where virtually all the
entire band offset occurs in the valence band with minimal band offset in the
conduction band. This type of structure, favorable for hole confinement has
been exploited in several novel heterostructure devices viz., buried channel
p-MOSFETs, p-MODFETs and HBTs (see for example, excellent reviews by
Paul [17] and Konig and Daembkes [18]).

Similarly, a smaller lattice constant silicon epilayer will be under biaxial
tension when grown on a larger lattice constant relaxed-Si1−xGex substrate.
In this case, type-II band offset occurs and the structure has several advan-
tages over the more common type-I band alignment, as a large band offset is
obtained in both the conduction and valence bands, relative to the relaxed-
Si1−xGex layer [19]. This allows both electron and hole confinements, making
it useful for both n- and p-type devices for strained-Si/SiGe-based CMOS tech-
nology. Since strained-Si provides both larger conduction and valence band
offsets and does not suffer from alloy scattering (mobility degradation) [20]),
a significant improvement in carrier mobility can be achieved. Strained-Si
is more difficult to grow as compared to strained-Si1−xGex, since a Si1−xGex

substrate is not easily available and until recently, growth of relaxed-Si1−xGex

without forming a large concentration of defects due to dislocation is difficult.
Studies on the incorporation of a small amount of C atoms in Si/SiGe material
system to develop new types of buffer layers with reduced misfit dislocations
may be useful [21].

3.3.1 Virtual Substrates

Jorke and Herzog [22] were the first to provide experimental evidence for type-
II band alignment at the interface of a Si/SiGe heterostructure with tetragonal
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strain distortion in both the layers. Abstreiter and his coworkers were the first
to introduce the concept of a strain-induced type-II band alignment in Si/SiGe
material system [23]. Experimental studies for the last few years on strained-
SiGe materials have resulted in a significant progress in the understanding of
strain relaxation kinetics and optimization of graded buffer layers with respect
to relaxation and surface morphology [24, 25, 26, 27, 28]. These parameters are
of crucial importance as they are interdependent and are affected by growth
temperature, grading rate, and composition.

The sequence for fabrication of a strained-Si heterostructure involves three
steps. First a relaxed graded-SiGe layer is formed to engineer the lattice con-
stant of the SiGe alloy. The use of a relaxed-SiGe buffer layer to apply strain
to epitaxial thin silicon films can be traced back to the work of Abstreiter et al.
[23] in which a uniform Si1−xGex buffer layer, thicker than the critical thick-
ness, was grown at a high temperature. The strain in the buffer was partially
relaxed and a thin Si layer was grown on top of it. The density of threading
dislocations introduced as a result of the lattice relaxation was very high and
resulted in low electron mobility at 4.2 K. The problem of high threading
dislocation densities in relaxed structures may be avoided by using a series of
low mismatched interfaces and increasing the Ge concentration in steps (step
grading). The development of relaxed SiGe graded-layer technology provided
an effective method for engineering the lattice constant of the SiGe film, and
produced high electron mobility in strained-Si heterostructures.

The relaxed-SiGe graded layer is an epitaxial thin film with a sequence of
layers that have a gradually increasing Ge content (typically the profile is
linear) up to a final Ge composition. Use of compositionally graded layer
to improve material quality of relaxed-SiGe buffer was first demonstrated by
Fitzgerald et al. [29]. The compositional grading is believed to promote
propagation while suppressing nucleation of dislocations. Xie et al. [30] have
grown compositionally graded relaxed-Si1−xGex buffer layers on Si with vari-
ous composition gradients and temperatures. The authors reported a thread-
ing dislocation density in fully relaxed-SiGe buffer layers (see Fig. 3.6) grown
using both molecular beam epitaxy (MBE) and rapid thermal chemical vapor
deposition (RTCVD) in the range of 105-106 cm−2 [4].

Recent results have shown that the compositional grading can lower the
threading dislocation density by three orders of magnitude and resulted in a
much-improved electron mobility at low temperatures. In fact, the use of a
compositionally graded, relaxed, Si1−xGex buffer layer has been advocated as
“virtual substrate” and allows the strain in the film to be tailored at will (in
a biaxial/uniaxial fashion). Next a constant composition Ge film is grown to
spatially separate the subsequent strained-Si film from the misfit dislocations
that are intentionally introduced in the relaxed-SiGe graded layer. The final
step is the deposition of the Si film, which is placed in a state of biaxial tension
as it conforms to the lattice of the constant-composition SiGe layer. Once a
low-defect density SiGe film can be fabricated, the strained-Si heterostruc-
tures can be tailored to enable various properties. One of the key determining
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FIGURE 3.6
Confinement of threading dislocations. Source: IQE plc.

factors for the performance enhancement available with strained-Si technol-
ogy is the amount of strain imparted to the strained-Si thin film, which is
determined by the Ge content in the underlying SiGe film. Both electron and
hole mobility enhancements increase with increasing strain. Using a higher
Ge fraction in the underlying SiGe layer increases the degree of strain in the
Si. However, hole mobility enhancement in strained-Si has a more compli-
cated behavior, but can extend beyond the electron mobility enhancement
achievable in strained-Si if enough strain is imparted to the film.

It has been shown theoretically and experimentally that the electron and
hole mobilities increase with the Ge fraction in the relaxed-SiGe layer, but
their dependence is different [31]. 15% Ge gives about 70% enhancement for
electron mobility, and the enhancement approaches saturation beyond 15%
Ge. Similar enhancement on hole mobility requires much higher Ge content
and hole mobility starts to saturate at 35% of Ge fraction based on theoret-
ical predictions. Although working with higher Ge content in the SiGe layer
increases the performance enhancements of the nMOS and pMOS transistors,
the tradeoff is that the strained-Si film needs to be within the critical thick-
ness. It has been shown that in SiGe films, concentrations greater than 96%
Ge, SiGe, and Ge nucleate higher levels of dislocations readily, increasing the
dislocation density from 5×105 cm−2 range to ∼ 106 cm−2. However, by grad-
ing Ge to 96% in the alloy and not continuing to 100%, threading dislocation
density could be controlled in the 105 cm−2 range [32].
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Many methods exist for depositing low-temperature silicon and Si1−xGex on
silicon. These can be broadly categorized into physical deposition and chemi-
cal vapor deposition (CVD) methods. On the chemical vapor deposition side,
Gibbons and his group at Stanford were one of the first groups to demonstrate
high-quality Si1−xGex on silicon. Their lamp-heated limited reaction process-
ing reactor (LRPCVD) laid the groundwork for other lamp-heated systems
at Princeton, AT&T, and UT-Austin. The ultrahigh vacuum chemical vapor
deposition (UHVCVD) reactor by Meyerson and his coworkers at IBM ap-
peared at nearly the same time as LRPCVD. Combining a standard diffusion
furnace with ultrahigh vacuum, they have made the most significant impact
in the fabrication of Si/Si1−xGex HBTs. Results of Si1−xGex depositions at
atmospheric pressure by ASM have been published. These atmospheric CVD
results may be the most promising for widespread application of Si1−xGex on
silicon heterostructures in a production environment.

Gas source molecular beam epitaxy (GSMBE) [33, 34] have also been suc-
cessfully employed for the growth of high-quality completely lattice-relaxed
step-graded SiGe buffer layers on Si (001) in the temperature range of 750
and 800oC. A more abrupt compositional transience of the SiGe/Si interface
is expected in gas-source MBE-grown quantum wells, owing to reduced Ge
segregation at the heterointerface [35], than in those grown by solid-source
MBE where Ge segregation has been recognized as an important issue [36].
Another advantage of GSMBE is that uniform thickness and composition can
be obtained without sample rotation. However, GSMBE is associated with
autodoping of doping gas impurities, which would affect the device character-
istics.

High-quality completely lattice-relaxed-SiGe buffer layers have been grown
on Si (001) using molecular beam epitaxy in the temperature range of 750
and 900oC and compositional grading on the order of 10% μm−1 or less with
final Ge concentrations of about 30%. Xie et al. [30] have grown compo-
sitionally graded relaxed-Si1−xGex buffer layers on Si with various composi-
tion gradients. The authors reported a threading dislocation density in fully
relaxed-SiGe buffer layers grown using both molecular beam epitaxy and rapid
thermal chemical vapor deposition in the range of 105-106 cm−2 [4].

Relaxed Si1−xGex-on-insulator (SGOI) is a very promising technology, as
it combines the benefits of two advanced technologies: the conventional SOI
technology and the SiGe technology. The relaxed graded SiGe-buffer has
allowed for the development of a multitude of new heterostructures with en-
hanced properties relative to bulk-Si. Early work focused on using these
relaxed buffers as templates for inducing tensile strain in silicon channels. A
possible extension of using SiGe buffers to engineer strained heterostructures
involved the use of compressively strained Ge-rich SiGe layers that served as
enhanced conduction pathways for holes, making them ideal for p-MOSFET
applications [37]. By selectively utilizing the band alignments of strained-Si,
strained-SiGe, and strained-Ge for optimal carrier confinement, the relaxed-
SiGe buffer has been used to fabricate dual-channel heterostructures that
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FIGURE 3.7
Planar view TEM image of a 21-nm thick strained-Si layer on Si0.72Ge0.28

after 30 s at 1000oC. After P. M. Mooney, 2003 International Conference on
Characterization and Metrology for ULSI Technology, March 24-27, 2003.

exploit the enhanced electron mobility of strained-Si as well as the enhanced
hole mobility of strained Ge-rich layers [38, 39]. Dual-channel devices uti-
lizing relaxed-SiGe buffers graded to Si0.5Ge0.5 have even exhibited nearly
symmetric electron and hole mobilities [40].

The utility of the relaxed-SiGe buffer has been further extended to allow for
the transfer of various scalable, lattice-mismatched layers to Si handle wafers.
Successful demonstrations of layer transfer using relaxed-SiGe buffers include
strained-Si on insulator (SSOI), SiGe-on-insulator (SGOI), germanium-on-
insulator (GeOI) [41, 42, 43, 44]. As the crosshatch surface roughness inherent
to efficient relaxation during the grading process in SiGe buffer (see Fig. 3.7)
growth precludes the possibility of successful bonding, a chemical-mechanical
planarization (CMP) step is required (see Fig. 3.8) to reduce to the RMS
surface roughness (see Figs. 3.9 and 3.10) to a level suitable for bonding.

Above the critical layer thickness and Ge concentration, differences between
the lattice constant of the SiGe layer and that of underlying bulk silicon cause
misfit dislocations and related crystal defects. These defects cause surface
roughness, which lowers the mobility and reduces circuit yield. To control
dislocations, one can employ a compositionally graded series of layers of SiGe
with varying Ge concentration underneath the SiGe buffer layer combined
with CMP. By gradually expanding the crystal lattice beyond that of Si,
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FIGURE 3.8
SIMS Profile of IQE-grown graded-SiGe layer showing high level of control.

Source: IQE plc.

FIGURE 3.9
Surface microroughness prior to polish. AFM area: 60μm×60μm, RMS value
typically 6.5 nm and Ge = 20%. Source: IQE plc.
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FIGURE 3.10
AFM image of polished buffer surface, RMS roughness = 0.13 nm, Ra = 0.10
nm. Source: IQE plc.

dislocations are controlled and confined to the SiGe buffer layer.
It is important to recognize the importance of the relaxed buffer technol-

ogy with wafer bonding. Wafer bonding and layer transfer are important
techniques in heterointegration. However, it has been limited primarily by
the following three factors:

• any desired lattice can be created and one is not limited to bulk substrate
lattice constants: Thin strained layers can be created from any semiconductor
material (for example, a SiGe alloy lattice constant is required to create thin
layers of strained-Si),

• the bulk material of each bonded wafer is the same, and thus wafer sep-
aration or cracking due to thermal expansion differences during the bonding
and annealing process are eliminated, and

• entire 200 and 300 mm wafers with any semiconductor on the surface
can be created since the original lattice engineered material is on the same
diameter substrate. This is very important, as it truly brings new functionality
at low cost to a variety of applications.

3.3.2 Substrate Specifications

Strained-Si technology provides great performance benefits for CMOS, but
as with any new technology that is introduced to a manufacturing infras-
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TABLE 3.2

Typical specifications for strained-Si Substrates. Source: IQE plc.
Parameter Typical Value Technique Comments
Strained-Si 175 Å ± 5% Spectroscopic SE calibrated to
Thickness Ellipsometry cross-sectional TEM
Strained-Si > 3.5% Spectroscopic SE calibrated to
Thickness Ellipsometry cross-sectional TEM
Uniformity

Ge 0.17±0.01 Spectroscopic SE calibrated to
in SiGe Layer Ellipsometry XRD
Relaxation of > 95% X-ray Triple axis
SiGe Layer Diffraction

Surface Ra < 10 Å AFM 10 μm×10 μm
Micro-roughness scan size

Avg. 5 sites:
Center, R/2 and R

Field TDD of < 3E5/cm2 EPD EPD verified by
SiGe Layer planview TEM

Pile-up TDD of < 3 cm/cm2 EPD EPD verified by
SiGe Layer planview TEM

LPD < 250@0.5μm Tencor Resolution of defect
Surfscan analysis limited by

surface roughness
and pile-up TDD

Oxygen < 1.0E18/cm−3 SIMS Cs SIMS analysis
Concentration

Carbon < 1.0E18/cm−3 SIMS Cs SIMS analysis
Concentration

Metallic Surface < 3.0E10/cm2 VPD Fe, Cu, Cr, Zn and Ni
Contamination < 5.0E10/cm2

for Ca, Na and Ge
Doping Customer SRP Doping to customer

Defined requirements
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tructure, the ease with which it is adopted is very dependent on the number
and severity of changes the new technology requires. For strained-Si tech-
nology, the key question for many manufacturers is whether the substrate
technology can be taken from research laboratories, which typically use UHV
epitaxy techniques, to large-scale production, which requires high through-
put, low-cost techniques. Strained-Si processes have now been demonstrated
and devices have been produced on strained-Si substrates fabricated using
industry-standard low-pressure Si epitaxy systems, such as the ASM Epsilon
and Applied Materials’ Epi Centura platforms. Epiwafer manufacturer IQE
Silicon Compounds has announced the commercial availability of strained-Si
substrates (see Table 3.2).

3.3.3 Strained-Si on Insulator

Incorporation of SOI in advanced CMOS for high-performance applications
has already taken place. The use of a buried oxide underneath the bulk-Si
CMOS devices results in a number of benefits, including reduction of junction
capacitances, increased circuit density, and reduced latch-up. If strained-Si
is incorporated directly on an insulator, without the presence of SiGe in the
final device structure, some of the problems encountered in SiGe, e.g., high
leakage current, Ge diffusion, and enhanced n-type dopant diffusion can be
avoided. Thus, there is a need to study the fabrication techniques and material
properties of ultrathin strained-Si films on insulators.

The presence of a SiGe layer in virtual substrate causes material and pro-
cess integration challenges. Using ultrathin strained-Si layer on SOI structures
that bypass this SiGe layer, provides high electron mobility while eliminat-
ing material and process integration problems. Currently, research is being
conducted in exploring the possibility of including biaxial strained-Si in main-
stream CMOS process to enhance device performance. A novel approach in
this direction is to fabricate ultrathin strained-Si layer on SOI, called strained
silicon-on-insulator (SSOI), a combination of SOI technology with strained-Si,
thereby complementing their individual advantages.

Various techniques have been employed for the formation of relaxed SiGe-
on-insulator and strained Si-on-insulator [43, 45, 46, 47]. These techniques
involve SIMOX of SiGe virtual substrate, Ge condensation, and wafer bonding
of virtual substrates. Strained-Si layers on Ge-free structures have also been
reported [41, 48]. In order to study strain behavior in ultrathin strained-Si on
insulator films, Drake et al. [48] transferred a 130 Åthick strained-Si layer, to
an oxidized handle wafer via wafer bonding and an etch-back process. Two
SSOI structures were investigated for strain relaxation characterization. The
first structure consists of a 130 Åthick strained-Si directly on 300 nm of SiO2.
The second structure consists of a 100 Åthick strained-Si with an underlying
8-nm thick SiGe layer on 300 nm of SiO2. In Ge-free structures, the transfer
SiGe layer has been omitted altogether, producing a strained-Si layer bonded
directly to an oxide. The strain is still maintained by the bonds to the oxide
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even after high temperature annealing, showing that the underlying SiGe is
not needed for supporting the strain. Such a structure is important, due to
the absence of Ge in the final heterostructure, allowing for conventional high-
temperature Si processing that would not be possible in the presence of Ge in
the bottom SiGe relaxed layer.

The process of fabricating SSOI structure involves transferring a strained-
Si/relaxed-SiGe heterolayer on a handle wafer, followed by selective etch-back
of SiGe to leave SSOI structure [49, 50]. A homogeneous stress of 1.5 GPa
has been exhibited by Soitec [51] manufactured SSOI wafers with a 200 Å
Si layer. The SSOI structure is fabricated by transferring strained-Si grown
epitaxially, or layer by layer, on relaxed-SiGe to a buried oxide layer. The SiGe
layer also may be removed before fabricating the device. Strain retention has
been confirmed in the strained-Si layer after the layer transfer process and
thermal cycles. Electron and hole mobility enhancements were confirmed in
MOSFETs fabricated on SSOI. Fabrication of sub-60 nm FETs were also
demonstrated on SSOI.

SSOI substrates without an intermediate SiGe or SiO2 layer were fabricated
by wafer bonding and layer transfer, as shown in the process flow diagram in
Fig. 3.11. The process involved growth of relaxed-SiGe virtual substrate at
900oC via ultrahigh vacuum chemical vapor deposition to fabricate relaxed-
Si0.76Ge0.24 layer which was compositionally-graded at 10% Ge μm−1 with a
3 μm Si0.76Ge0.24 cap layer. The combination of a low grading rate and a high
growth temperature results in complete relaxation with threading dislocation
densities of ∼ 105 cm−2.

Shown in Fig. 3.12 are cross-sectional transmission electron microscopy
images of the SSOI structure (a) before and (b) after SiGe removal. The
arrows shown in Fig. 3.12(a) indicate the location of misfit dislocations with
line directions normal to the image plane. Note the average dislocation spacing
of these dislocations is approximately 40 nm. The RMS surface roughness of
the structure after mechanical grinding and KOH etching was determined
via TM-AFM to be approximately 30 nm over a 25 μm ×25 μm area, with
the cross-hatch pattern that is characteristic of relaxed-SiGe buffer layers
reappearing due to the anisotropic nature of the KOH etch. Shown in Fig.
3.12(b) is the final strained-Si on Si structure, demonstrating the complete
removal of the SiGe layer after grinding and etching. At the inset of Fig.
3.12(b) is a high-resolution TEM image of the bond interface, which indicates
the lack of an intermediary oxide layer. The RMS surface roughness of the
strained-Si after SiGe removal was approximately 1.9 nm for a 10μm ×10 μm
TM-AFM scan, signifying excellent surface quality. These structures eliminate
the SiGe layer before transistor fabrication, thereby providing higher mobility
while mitigating the SiGe-induced material and process integration problems.

IBM reported strained-Si channel MOSFETs which are built directly on
insulator structures with no SiGe layer present under the strained-Si channel.
Without the relaxed-SiGe layer present as the lattice template, it is necessary
that the insulator layer supports the strain state in the Si layer. SSOI offers



Strain-Engineered Substrates 83

FIGURE 3.11
SSOI fabrication process showing (a) wafer bond and anneal, (b) structure

after Si substrate and SiGe graded buffer removal, and (c) structure after
removal of the Si0.76Ge0.24 cap. After D. M. Isaacson et al., SMA Symposium
2005.

FIGURE 3.12
Cross-sectional TEM images (a) before and (b) after SiGe layer removal.

Arrows in (a) indicate the location of misfit dislocations at the interface.
After D. M. Isaacson et al., SMA Symposium 2005.
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FIGURE 3.13
Process flow of relaxed-SiGe on BPSG insulator: (a) strained-SiGe grown

pseudomorphically on Si(100) is transferred onto a BPSG layer by wafer bond-
ing and Smart-cut processes, (b) strained-SiGe islands on BPSG are formed
by plasma etching, and (c) strained-SiGe islands relax by lateral expansion as
BPSG softens during high temperature annealing. After H. Yin et al., IEEE
IEDM Tech. Dig., 2003(53-56). With permission.

the possibility to scale to Si body and to form fully depleted devices on SOI.
At the future advanced process nodes of 65 nm and below, performance and
power consumption issues arise due to bulk silicon’s higher leakage currents.
SSOI technology has proven thus far to be a promising solution to deal with
these issues.

To avoid the inevitable dislocations in conventional relaxed-SiGe buffers,
Yin et al. [52] have developed a process for defect-free relaxed-SiGe on a BPSG
insulator. Thin, fully strained SiGe layers without defects are first grown on
a silicon substrate. The strained-SiGe is transferred by wafer bonding and
Smart-Cut technique to a BPSG layer, and during annealing the SiGe can
expand laterally and relax as the BPSG softens (Fig. 3.13).

Strained-Si could be grown on these layers, but the SiGe would be present
during MOSFET fabrication and in the final structure. To obtain SiGe-free
strained-Si on insulator, the process of Fig. 3.14 was developed, in which un-
strained 25-nm Si was grown on top of 30-nm strained Si0.7Ge0.3 before trans-
fer. The Si/SiGe was transferred onto BPSG films, resulting in a strained-
SiGe/unstrained-Si/BPSG structure. The SiGe/Si film was then patterned
into islands of edge width from 30 to 200 μm. Annealing at 800oC softened
the BPSG and allows the SiGe and Si stack to coherently expand, resulting
in same strain change in both films. The compressive strain in the SiGe re-
laxes and generates tensile strain in the Si which was confirmed by Raman
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FIGURE 3.14
Process flow of (a) unstrained-Si on a BPSG insulator and (b) strained-Si on
a BPSG insulator. The strained-SiGe/unstrained-Si/BPSG at the top of this
process flow diagram is made by the same process as shown in Figs. 3.13(a)
and (b), except that a thin unstrained-Si layer is grown on top of the SiGe
before transfer. After H. Yin et al., IEEE IEDM Tech. Dig., 2003(53-56).
With permission.
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FIGURE 3.15
Raman spectrum (Si-Si nearest neighbor vibration mode) measured at the

center of a 90 μm×90 μm island at various stages of processing. The peak
positions depend on composition and strain. The annealing reduces compres-
sive strain in the SiGe and adds tension in the Si. The FET process does
not alter the strain in the Si. After H. Yin et al., IEEE IEDM Tech. Dig.,
2003(53-56). With permission.

FIGURE 3.16
Biaxial strain (from micro-Raman spectroscopy) of 30-nm Si0.7Ge0.3 and 25-
nm Si films at the center of a 30 μm×30 μm island as a function of annealing
time at 800oC, showing evolution of strain in silicon. Dashed lines are cal-
culations of stress balance. After H. Yin et al., IEEE IEDM Tech. Dig.,
2003(53-56). With permission.
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FIGURE 3.17
Electron mobility enhancement as a function of strain in the silicon channel

layer. Also shown on the top x-axis is the Ge fraction in relaxed-SiGe buffers
in conventional strained Si on relaxed-SiGe structures to give the same strain
as that on the lower x-axis. After H. Yin et al., IEEE IEDM Tech. Dig.,
2003(53-56). With permission.

spectroscopy (see Figs. 3.15 and 3.16). The final strain in the SiGe and Si
films upon equilibrium is governed by stress balance between the layers. The
effective electron mobility near turn-on is found to be 55-60% higher in the
strained-Si devices than in the control, in good agreement with the strain-
induced mobility enhancement predicted by theory (Fig. 3.17) [53]. The
presence of a SiGe layer causes material and process integration challenges.
Using ultrathin SSDOI structures that bypass this SiGe layer, provides high
electron mobility while eliminating material and process integration problems.

3.3.4 Smart-Cut

High-mobility strained-Si is now being incorporated into conventional CMOS,
and future generations may incorporate both the benefits of strained-Si and
silicon-on-insulator. One substrate that can enable the above consists of
low-defect, monocrystalline, relaxed SiGe-on-insulator with a surface layer of
strained-Si, yielding a strained-Si-on-insulator structure. Equivalently, SSOI
substrates can also be fabricated such that the strained-Si lies directly on the
insulating substrate, with no underlying relaxed-SiGe layer.

Separation by implanted oxygen (SIMOX) is a popular technique for SOI
fabrication, but unfortunately, is only applicable to SGOI fabrication for low
Ge mole fractions. The technique involves the implantation of oxygen ions
to a desired depth, followed by a high-temperature anneal to remove implant
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damage from the crystalline layer, and to form the buried oxide layer. Fukatsu
et al. [42] have successfully applied the approach to SGOI fabrication for a
Ge content of 18%. Another method demonstrated by Tezuka et al. [54,
55] requires high-temperature oxidation of a low-Ge content SiGe layer on a
thinned SOI substrate. The oxidation leads to the expulsion of Ge ahead of
the oxide front, and the high temperature causes Ge interdiffusion into the
underlying thinned Si. As the strain relaxation mechanism for the Ge-rich
layer is lattice expansion and not dislocation nucleation, the buried oxide flows
at a temperature. This approach produces moderately high defect densities
when applied to blank wafers, but yields very low defect densities for patterned
mesas [55].

In addition to the above approaches, wafer bonding is another technique
for fabricating SGOI or SSOI, involving the bonding of wafers with SiGe films
to insulating substrates. A few widely employed techniques exist for accom-
plishing layer transfer of a thin film of material onto any desired substrate:
(a) back-side grinding, (b) grind and etchback, and (c) delamination via im-
plantation. In the grind and etchback approach, wafers are bonded, the back
side of the wafer containing the transfer layer is thinned by grinding, pos-
sibly followed by an etch to remove the remaining excess material leaving
the transfer layer. The other method, delamination via implantation, em-
ploys ion implantation prior to wafer bonding, followed by annealing to cause
delamination and layer transfer at the implant depth. In these methods, a
final polishing step is usually employed to smooth and thin the transferred
layer. Huang et al. [44] used Smart-Cut to transfer relaxed-SiGe onto ox-
idized Si substrates, followed by CMP to thin and smooth the transferred
layer. The limitation of the above methods is the lack of control over the fi-
nal SiGe thickness on the handle wafer, and the wafer-scale uniformity of the
transferred layer. Two methods for fabricating monocrystalline, relaxed-SiGe
and strained-Si layers on insulating handle substrates have been reported [56]
which involve (a) back-side grinding and etchback, and (b) delamination via
implantation. These processes were combined with a stop layer, allowing for
the fabrication of transferred layers with uniform thickness across the wafer.

The Smart-Cut approach has several advantages: (a) no etch-back step,
(b) the prime-quality wafer; and it is fully recyclable, and UNIBOND reduces
to a single-wafer process, (c) only conventional equipment is needed for mass
production, (d) relatively inexpensive 12 in. wafers are manufacturable, and
(e) unlimited combinations of BOX and film thicknesses can be achieved in
order to match most device configurations (ultrathin CMOS or thick-film
power transistors and sensors).

The defect density in the film is very low, the electrical properties are ex-
cellent, and the BOX quality is comparable with that of the original thermal
oxide. It is worth noting that the two interfaces of the BOX are ideally or-
ganized: the top interface (film-BOX) has the high quality expected from
thermal oxidation whereas the bonded interface, of poorer quality, is located
underneath the BOX and has little influence on the SOI device performance.
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FIGURE 3.18
Generic layer transfer process flow. Source: SiGen.

A fascinating aspect is that the Smart-Cut process is adaptable to a variety of
materials: SiC or III-V compounds on insulator, silicon on diamond or glass,
etc. The possibility to enroll, in the SOI-based microelectronics, these ma-
terials with large band gap, photonic, or high-temperature capabilities opens
exciting prospects for the integration of totally new types of devices.

3.3.5 Hybrid Substrates

Layer transfer (LT) is another technique for producing engineered substrates.
In general, the engineered substrate can be designed by implementing layer
transfer, in which the top layers are transferred to another substrate. Recent
advances in layer transfer technologies allow ultrathin SOI and silicon-on-
silicon substrates to be manufactured with the minimum allowable defects and
device silicon-layer uniformity specifications for high-yield, deep-submicron
manufacturing. The main steps include cleave plane formation, plasma bond-
ing, mechanical cleave, and noncontact surface epi-smoothing. This LT pro-
cess is flexible enough to allow SOI, multilayer stacked layers, strained film
formation, as well as hybrid substrates such as (110) on (100), for example.

The use of layer-transfer methods for the fabrication of engineered sub-
strates for semiconductor and optoelectronic applications have been proposed
for decades. Fig. 3.18 depicts a generic layer-transfer method where the key
technology differentiators are (a) how the cleave plane is formed, (b) how the
wafers are bonded, (c) how the bonded wafers are cleaved, and (d) how the
exposed film is smoothed or polished. These bond/cleave techniques include
epilayer separation, controlled cleaving along a stressed layer, water-jet porous
silicon layer separation, and hydrogen-induced thermal separation.

Hybrid-orientation technology (HOT) involves building standard CMOS on
a hybrid silicon substrate with different crystal orientation in each of two lay-
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ers. The layer transfer process, block-level trench etch, and epitaxy regrowth
are performed before the conventional CMOS device process. For pMOS,
hole mobility is known to be 2.5 times higher on (110) surface-orientation
compared to that on standard wafer with (100) surface-orientation. IBM has
created a hybrid-orientation technology where CMOS is fabricated on hy-
brid substrate with different crystal orientations to achieve significant pMOS
performance enhancement. In the HOT technology, layer transfer process,
block-level trench etch, and epitaxial regrowth were performed before conven-
tional CMOS device process. An enhancement of 40-65% for the pMOS was
demonstrated on a 90-nm node CMOS technology.

IBM has announced a technique to utilize different crystal orientations for
pMOS (110 oriented surface) and for nMOS (100 oriented surface) to increase
the mobility of the holes and electrons, respectively. Epitaxial regrowth from
the substrate underneath the buried oxide is used to create the second orien-
tation at the surface. CMOS devices with substantial enhancement of pMOS
drive currents have been demonstrated at Lpoly = 80 nm and with physical
gate oxide thickness of 1.2 nm.

3.3.6 GeOI Substrates

In general, in semiconductors, it is observed that if the lattice constant in-
creases and elastic modulus decreases, the band gap decreases although the
electron mobility increases. Thus, it is desirable to combine larger lattice
constant materials on Si from the carrier mobility enhancement perspective.
However, the lattice-mismatch between the desired film and silicon is large
enough that many defects are created in thin films at the growth tempera-
ture, and therefore, the material quality is generally inferior for most applica-
tions. Also, low band gap, poor quality oxides, and other surface properties
of engineered substrates have led to very limited application.

For sub-32 nm technology nodes there exists strong interest in exploring
the use of Ge substrates instead of Si, mainly because of the enhanced carrier
mobility and the overall lower thermal budget required for processing. This
implies that some of the fundamental research performed on Si will have to
be repeated for Ge. There is uncertainty whether or not a real push forward
will be achieved with Ge substrates or with Germanium-on-Insulator (GeOI).
The important aspects of Ge substrate technology are generally: (a) Bulk
Ge substrates, (b) Ge layers transferred to oxidized Si handle wafers, thereby
forming Ge-on-Insulator (GeOI), and (c) Epitaxial deposition of Ge thin films
on Si substrates in various configurations. Bulk-Ge substrates (grown via the
Czochralski method) are more difficult to make than bulk-Si substrates due
to the lower critical resolved shear stress and lower mechanical strength of
Ge. Although 300-mm dislocation-free Ge substrates can be fabricated, the
economics of high-volume manufacture are still unsure. Development is still
required to obtain site flatness and crystal-originated pit specifications that
are equivalent to state-of-the-art Si substrates.
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FIGURE 3.19
GeOI fabrication process by the Ge condensation by oxidation technique. (a)
SiGe layer is grown epitaxially on an SOI wafer, (b) Oxidation of SGOI, and
(c) Ge is condensed completely. After T. Tezuka et al., Appl. Phys. Lett.,
Vol. 79, 2001(1798-1800). With permission.

The GeOI layer was fabricated by oxidizing a SiGe layer which was grown
epitaxially on an SOI substrate. This fabrication method is called the Ge
condensation technique [46]. This method has been also been applied to fab-
rication of a strained SiGe-on-insulator layer [57]. By further condensation of
Ge atoms in a SGOI layer by oxidation at temperatures lower than the melt-
ing point of Si1−xGex, strained GeOI layers thinner than 10 nm have been
fabricated. The fabrication process of GeOI layers is illustrated schematically
in Fig. 3.19. At first, a Si1−xGex layer with the Ge fraction of 15% is grown
epitaxially by ultrahigh vacuum chemical vapor deposition on a (100) com-
mercially available bonded SOI wafer, as shown in Fig. 3.19(a). Next, thermal
oxidation in O2 atmosphere was carried out (Fig. 3.19(b)) at temperatures
lower than the melting point of Si1−xGex, which depends on the Ge fraction.
In the oxidation process, Ge atoms were rejected from the SiO2 layers, while
outdiffusion of Ge atoms is suppressed by the buried and top oxide layers.
Therefore, the total amount of Ge in the SiGe layer is preserved through the
oxidation process. The SiGe and Si layers are merged into a uniform SiGe
layer by interdiffusion between Si and Ge atoms. As a result, the Ge fraction
in the SiGe layer increases when the SGOI thickness becomes thinner than
the initial SiGe thickness. Finally, oxidation is stopped when almost all Si
atoms in the SGOI layer are oxidized. Consequently, an ultrathin GeOI layer
is obtained, as illustrated in Fig. 3.19(c).

Managing the lattice mismatch and other material property differences is
the key to creating new engineered substrates. Fabrication of engineered
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FIGURE 3.20
TEM cross-sections of structures which embody the flexibility of current sub-
strate engineering methods: (a) Ge-on-insulator created from the transfer of
a relaxed-Ge layer with low threading dislocation density to a SiO2/Si wafer;
(b) strained-Si/strained-SiGe multilayer on SiGe on Si (SGOS), in which the
graded SiGe buffer layer and original Si substrate have been removed, improv-
ing thermal conductivity of SiGe-based MOSFETs. After A. J. Pitera et al.,
J. Electrochem. Soc., Vol. 151, 2004(G443-G447). With permission.
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substrates that can be used in silicon manufacturing, has to meet many chal-
lenges. Figs. 3.20(a) and (b) are some examples of engineered substrates
that are now being fabricated via lattice engineering, planar strained layers,
and layer transfer techniques. Fig. 3.20(a) is an example of Ge on insula-
tor, potentially useful in integrated optoelectronic applications and also some
high-mobility electronics platforms [58]. Fig. 3.20(b) shows the extent to
which engineered substrate work is beginning to reveal the wide variety of
structures that are now possible. Fig. 3.20(b) is a cross-section TEM mi-
crograph of a SiGe/strained multilayer structure in which the original SiGe
graded layer has been removed.

As it is unlikely that the complete replacement of bulk-Si substrates via
Ge, it is expected that Ge substrate technology developments will be aimed
at making Ge substrates that are suitable as donor wafers for repeated Ge
exfoliation processes in the formation of Ge films on insulator (GeOI). Epi-
taxial Ge technology is especially promising for the implementation of strained
Ge channels. GeOI technology addresses both the substrate manufacturabil-
ity concerns and also reduces the likelihood of excessive Ge junction leakage
during device implementation.

3.4 Characterization of Strained Layers

As discussed above, biaxial stress in a thin silicon layer (below the critical
thickness for a given stress) is typically achieved by growing Si on a thick
Si1−xGex alloy (20-30% Ge, 1-5 μm thickness) as a virtual substrate. Alterna-
tively, to combine the benefits of strained-Si with SOI technology, strained-Si
can be grown on relaxed-Si1−xGex on insulator using compliant substrates,
SIMOX via condensation, or wafer bonding.

Although epitaxy and SiGe graded-layer processes are at the core of strained-
Si technology, the manufacturability of devices is largely dependent on the
structural properties of the substrates. The SiGe graded-layer epitaxial se-
quence typically results in a rough, cross-hatched surface morphology with
a lateral periodicity of the order of 1 μm, and an RMS roughness greater
than 4 nm. This rough wafer surface severely impacts the manufacturing of
integrated circuits with state of the art (< 0.5 μm) lithography requirements,
in terms of yield, in-line metrology, and photolithographic reliability. Thus
a chemical-mechanical polishing (CMP) process is introduced between the
epitaxy of the relaxed-SiGe buffer layer and the strained-Si. The CMP step
eliminates the cross-hatched SiGe surface roughness, producing strained-Si
wafers that largely appear like bulk-Si.

In all cases, critical parameters of the Si layer (stress, thickness, rough-
ness, defect density, especially threading dislocations) need to be measured
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carefully to achieve a manufacturable technology. If a SiGe buffer layer is
used, one also needs techniques to determine Ge content (including its depth
profile), buffer thickness, crystallinity (mosaic structure), interface roughness,
and density and type dislocations and other defects. Nondestructive char-
acterization of strained-Si structures is necessary to understand the thermal
stability of strained-Si on SiGe.

Structural characterization is carried out by selective chemical etching,
transmission electron microscopy (TEM), Rutherford Back Scattering (RBS),
and double-crystal x-ray diffraction (DCXRD). Sputter depth profiling by sec-
ondary ion mass spectroscopy (SIMS) was used for chemical analysis. Electri-
cal characterization included spreading resistance analysis on beveled cross-
sections and four-point probe measurements.

We discuss a plethora of experimental techniques that have been used to
characterize such strained-Si layers and their buffers and discuss their capa-
bilities and issues. Techniques generally found especially useful are visible or
UV Raman spectroscopy (to determine the stress in the Si channel), x-ray
reflectivity (Si channel thickness), etch pit density (threading dislocation den-
sity), and transmission electron microscopy (thickness, misfit, and threading
dislocation density, interface roughness, and other defects). Use of triple-axis
high-resolution x-ray diffraction with synchrotron radiation has also been re-
ported in the literature. Spectroscopic ellipsometry is normally the technique
of choice for fast in-line thickness and composition measurements. However,
significant errors may occur in the determination of thickness and Ge con-
tent in the buffer, if the change in the Si optical constants due to stress is
neglected. It has been suggested in the literature that much more success can
be achieved in determining the Si thickness with x-ray reflectivity, which is
not affected by stress.

For Ge profile determination, a variety of surface science techniques (sec-
ondary ion mass spectrometry and Auger electron spectrometry) are used.
The two critical factors here are to avoid charging by the ion beam and depth
resolution. For very thin layers, one needs low primary ion energies, while
high sputtering rates (and thus higher ion energies) are needed for thick
Si1−xGex buffers. One needs to avoid charging for thin electron-hole pairs
in the Si1−xGex layer and thus enhancing the conductivity. Meanwhile, it
has been found that a high-energy electron beam coupled with Cs ion beam
sputtering provides the best conditions to avoid charging issues with thick
Si1−xGex.

Strained-Si substrates require careful characterization. X-ray diffraction
and reflectivity are robust techniques and are sensitive to: parallel strain, per-
pendicular strain, tilt, twist and thickness. In the x-ray reflectivity (XRR),
the fringe spacing is used to determine thickness. From this measurement, one
can also determine density and roughness and this technique is more sensitive
to thin layers than XRD. Reciprocal space mapping precision is typically 12
arc sec with a strain measurement accuracy of ∼ 1%. Measurements can be
made within a short time. Thickness measurement accuracy of reflectivity
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TABLE 3.3

Metrology needs for strained-Si layer characterization.
SIMS Ge profile, oxygen and carbon contamination
XRD Ge mole fraction, triple axis for relaxation
AFM Surface microroughness for polished

layer and final device layer
TEM Strained-Si thickness/uniformity,

dislocation confinement
EPD Schimmel Etch for TDD and pile-up

density measurements
VPD Surface metallic contamination
SE In-line measurement of strained-Si thickness

SPV Fe contamination levels
SRP Dopant profile

techniques is typically within 1%. For strained layers as the rocking curves
are not very accurate, measurements with four (224) reciprocal space maps
are used to eliminate effect of tilt. While the horizontal offset gives parallel
lattice constant, the vertical offset gives perpendicular lattice constant. Com-
bination of the lattice constant information gives parallel and perpendicular
strain and composition. Tilt and twist are measured with x-ray diffraction.
Bonded substrates have appreciable tilt and twist, since layer and substrate
are formed from different crystal lattices, while bulk strained-Si and SIMOX
SOI have negligible tilt and twist since layer and substrate are formed from the
same crystal lattice. Raman spectroscopy is sensitive to parallel strain only.
Additionally, FTIR and oblique incidence laser-scatter particle detection are
also useful. Metrology needs for the characterization of strained layers are
shown in Table 3.3.

Structural characterization and film quality of strained layers are usually
carried out by transmission electron microscopy (TEM, both plain-view and
cross-section) for the determination of defects/dislocations within the layers
and to measure the thickness of the layers, and energy dispersive spectroscopy
(EDS) utilizing a scanning TEM for film composition. Heterolayer surface
roughness is another important parameter which adversely affects the perfor-
mance and reliability of the devices. Surface morphology of buffer layers are
dependent on the processing conditions such as Ge grading rate and growth
temperature (see Fig. 3.21). While it has been shown that high growth tem-
perature is desirable for dislocation propagation, it also leads to a 3D growth
and eventually a rough surface morphology that may affect lithography steps
in subsequent device processing. Atomic-force microscopy yields information
about the surface morphology of a layer. In addition to AFM, Nomarski op-
tical interference micrographs can also yield similar information about the
surface morphology of a relaxed layer [59].

Hsu et al. [27] have investigated the surface morphology of a relaxed, com-
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FIGURE 3.21
TEM of a UHVCVD-grown strained-Si layer grown at 800oC on a step-graded
relaxed-SiGe buffer. After C. K. Maiti et al., Solid-State Electron., Vol. 48,
2004(1369-1389). With permission.

positionally graded Si1−xGex structure, to illustrate the influence of defect-
related strain fields on film growth. Quantitative topographic measurements
via scanning force microscopy show the roughness associated with the cross-
hatch patterns oriented along the (110) direction, which basically results from
a local accumulation of the underlying misfit dislocations beneath the surface.

Atomic-force microscopy was used for acquisition of high resolution 3D
topographs over an extended scale. The digitized surface topography is rep-
resented by a 2D array whose elements express the height information of each
point of the 2D scanned image grid. As shown in Fig. 3.22, ULPCVD-grown
strained-Si films show a root mean square (RMS) surface roughness and an
average roughness (Ra) of 3.1 Å and 2.45 Å, respectively.

3.4.1 XRD

X-ray diffraction (XRD) allows the direct calculation of the Ge content and
the degree of relaxation for heteroepitaxial SiGe films. For pseudomorphic or
fully relaxed films the Ge content can be calculated from a simple θ-2θ scan of
the symmetric 004 reflection. The 004 reflection measures the crystal lattice
spacing in the direction of the surface normal, i.e., the out-of-plane lattice
spacing. Fig. 3.23 is a typical rocking curve obtained with a Philips X’Pert
PRO MRD system to study the lattice strain in SiGe layers.
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FIGURE 3.22
AFM surface of a ULPCVD-grown strained-Si layer grown at 800oC on a step-
graded relaxed-SiGe buffer. After C. K. Maiti et al., Solid-State Electron., Vol.
48, 2004(1369-1389). With permission.

FIGURE 3.23
High-resolution x-ray rocking curve around Si (004) reflection for as-grown

SiGe heterolayers.



98 Strained-Si Heterostructure Field Effect Devices

For partially relaxed films additional information from an asymmetric peak
(usually 224) is necessary in order to separate the influence of relaxation and
Ge content on the lattice constants and thereby the peak position. The 224
reflection measures the spacing of lattice planes at an angle to the surface
normal, i.e., a set of planes whose lattice spacing has both an out-of-plane
and an in-plane component. The composition and the strain are calculated
from the angular separation between the SiGe layer and the Si substrate peaks
in the two measurements. For pseudomorphic growth, the 224 reflections of
the different layers in a reciprocal space map (RSM) are located vertically
above each other, so that the SiGe peak is found directly underneath the Si
substrate reflection. With increasing relaxation the layer peak is shifted into
direction of the line connecting the origin of the RSM with the substrate peak.

For full relaxation, the peak is located directly on this line. However, a
deviation may occur in case of a possible tilt between the SiGe layer and the
Si substrate, which can be accounted for by additional recording an RSM of
the symmetric 004 reflection. For the calculation of Ge content and degree of
relaxation of the constant concentration SiGe buffer the elastic constants of
SiGe need to be interpolated linearly between Si and Ge, whereas a parabolic
approximation is used for the dependency of the Ge content on the relaxed-
SiGe lattice constants. The thin strained-Si layer can also be observed in the
RSMs. In the 224 RSM, the respective diffraction pattern is located directly
above the SiGe peak, i.e., the Si is pseudomorphic (fully strained) with respect
to the SiGe buffer with a common in-plane lattice constant.

Fig. 3.24(a) shows the 004 data for a 21-nm thick Si cap layer on a
Si0.72Ge0.28 buffer layer taken at two different regions, one with and one with-
out the strained-Si cap layer. As is clearly seen when comparing the two scans,
the features to the right of the Si substrate peak are from the strained-Si cap
layer. Although the Si layer thickness can be determined from the solid curve
in Fig. 3.24(a), comparison with the simulation is more precise when the two
scans are subtracted. The difference data from the two scans in Fig. 3.24(a)
is shown in Fig. 3.24(b), along with a simulation. The thickness of the Si cap
layer determines the spacing of the oscillations and the strain determines their
position with respect to the Si substrate peak. The shift of the experimental
data from the Si cap layer with respect to the Si substrate peak is clearly
visible. With this method of analysis the strain in the Si cap layer can be
determined to within 1 or 2%, depending on the sample.

Fig. 3.25 shows the measured RSMs of both the symmetrical (004) and

asymmetrical (
−
2
−
24) diffraction regions of reciprocal lattice points (RLPs) for

the Si1−xGex/Si heterolayers. The scans were performed along ω/2θ direction
(i.e., radial from the origin (000) of reciprocal space) for different ω-offsets (i.e.,
transverse along a circle with center (000)) using the proper transformation
from angular space into reciprocal space. In order to get intensity contour
plots and to determine the Ge content and the relaxation status of the SiGe

layers from reciprocal space maps, diffractions along (004) and
−
2
−
24 directions
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FIGURE 3.24
(a) 004 x-ray scans taken at regions with and without the 21-nm thick

strained-Si cap layer on Si0.72Ge0.28 and (b) the difference between the two
scans plotted with the simulation. After P. M. Mooney, 2003 International
Conference on Characterization and Metrology for ULSI Technology, March
24-27, 2003.
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FIGURE 3.25

High-resolution XRD 004 and
−
2
−
24 reciprocal space maps.

were analyzed with four epilayers having increasing thickness but different
Ge gradient in the SiGe heterolayers. The reciprocal lattice points (RLPs) of
the Si1−xGex layers are seen to be at the bottom of the Si substrate due to
their larger lattice constants and are also found to spread along the diffraction
vectors because of the varying Ge composition (i.e., varying lattice constant).

3.4.2 SIMS

The outdiffusion of Ge from the SiGe underlayer into the thin Si cap layer in
strained-Si/SiGe material systems can greatly affect the mobility of carriers
in the Si channel. This outdiffusion generally takes place during epitaxial
growth due to high deposition temperature and rate, as well as point defects
introduced by ion implantation processes and annealing in different ambient.
The Si cap layer is very thin, on the order of 10 nm, and the lattice-mismatch
induced undulations (cross-hatch pattern) can be significant. Achieving the
depth resolution required to obtain information on the Ge outdiffusion is
very challenging. Ge interfacial abruptness is a critical aspect in the proper
integration of strained-Si/SiGe into real devices.

Ultra low energy (ULE) secondary ion mass spectrometry (SIMS) are com-
monly used to characterize the thickness of the strained-Si cap layer, Ge com-
position, Ge outdiffusion (interface abruptness), and the level of atmospheric
contaminants. Fig. 3.26 shows the typical composition profiles of Ge, C, and
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FIGURE 3.26
Typical SIMS profile of strained-Si on SiGe buffer layer. A single SIMS profile
provides the thickness of the strained-Si cap layer, Ge composition, interface
abruptness, and atmospheric contamination with high sensitivity.

O, acquired and quantified simultaneously in one ULE SIMS analysis. The
Ge composition may be obtained with high accuracy up to 70% Ge and with
very low detection limits for C and O.

3.4.3 Raman

Raman spectroscopy is commonly used to verify that the Si layer is indeed
strained or not. In this study, several strained-Si films grown using GSMBE
and ultralow pressure chemical vapor deposition (ULPCVD) have been used.
The detail of the film growth and their properties may be found in references
[60, 61]. Raman spectra were registered in backscattering geometry using
micro-Raman system RENISHAW 1000 equipped with a Leica microscope.
The excitation wavelength was 514.5 nm from an Ar+ ion laser with a typical
laser power level of ∼ 10 mW. In order to define the position of the phonon
lines with greater accuracy, the spectral lines were fitted with a Lorentzian
function.

Raman spectrum of the relaxed-SiGe layer with a thin strained-Si layer
on top is shown in Fig. 3.27. The main peak at 504.8 cm−1 belongs to
Si-Si stretching mode from the SiGe layer while the shoulder at 510.8 cm−1

belongs to the Si-Si phonon mode in the strained-Si layer. Other groups of
phonon modes observed in the range of 450-370 cm−1 and 250-325 cm−1 are
associated with the SiGe layer and belong to the Si-Ge and Ge-Ge stretching
modes, respectively. The exact position of all aforementioned peaks depends
on stress (for pure Si) and on stress and Ge content, x, for the SiGe layer.
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FIGURE 3.27
Raman spectrum of a thin strained-Si layer grown at 800oC on a step-graded
relaxed-SiGe buffer. After C. K. Maiti et al., Thin Solid Films, Vol. 462-463,
2004(8084). With permission.

Using the Si-Si and Si-Ge peak positions, it is found that the SiGe layer
beneath the strained-Si layer is 100% relaxed with a Ge content of 27.2±2%.

Visible and ultraviolet Raman spectroscopy can be used effectively to map
the strain related with cross-hatch pattern observed in SiGe (and in relatively
thick strained-Si layers), which is usually developed in low lattice mismatch
heterostructures. The Raman measurements demonstrate that the pattern
is similar in both SiGe and strained-Si layers. Mapping of strain by Raman
spectroscopy offers an effective nondestructive tool for controlling at the same
time both the strain magnitude and its lateral fluctuation associated with
cross-hatch patterns.

In Fig. 3.28 three distinct lines with strain and composition-dependent en-
ergies are found which are ascribed to Si-Si vibrations (505.7 cm−1), localized
Si-Si vibrations perturbed by neighboring Ge (431.1 cm−1) and Si-Ge (403.6
cm−1). Smaller peaks are due to the strained-Si cap layer and the Si substrate.
The frequency shifts of the Si-Si and Si-Ge lines allow the simultaneous calcu-
lation of composition and residual strain (relaxation) in the SiGe layer using
empirical relations for the composition-and strain-induced frequency shift.

Raman spectroscopy can be used to measure, at the same time, not only the
Ge concentration in Si1−xGex samples, but also the strain developed in these
structures as the result of Si and Ge lattice mismatch. Three distinguished
peaks at ∼ 500 cm−1 (due to Si-Si vibration), ∼ 400 cm−1 (due to Si-Ge
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FIGURE 3.28
Raman spectra for epitaxial Si1−xGex layers of various alloy composition at

room temperature. After P. M. Mooney et al., Appl. Phys. Lett., Vol. 62,
1993(2069-2071). With permission.

vibration) and ∼ 280 cm−1 (due to Ge-Ge vibration) depend on actual x
concentration of Ge and on the in plane strain. The phonon frequency ω Si-Si
(in cm−1) of Si-Si vibration in SiGe is related to x and strain ε by the relation
[62]:

ωSi−Si = 520.5− 62x− 815ε (3.14)

which means that the strain in percentage can be calculated as follows:

ε(%) = 0.123ΔΩ (3.15)

where ΔΩ is the shift of phonon frequency from the same peak in the fully
relaxed structure (being Si1−xGex with peak at 520.5-62x or pure Si with peak
at 520.5 cm−1). Fig. 3.29 shows the the baseline intensity, the data fit using a
double Lorentzian line shape in order to the determine the intensity, Raman
shift and full-width half-maximum (FWHM) of the peaks arising from the
Si-Si vibrational mode in the SiGe buffer layer and the strained-Si cap layer
as shown in Fig. 3.29.

Raman analysis has also been used for the characterization of process-
induced strain generated by recessed SiGe S/D. Nouri et al. [63] have reported
the impact of process parameters on the performance of strain-enhanced p-
MOSFETs with recessed SiGe S/D. Figs. 3.30 and 3.31 show the results of
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FIGURE 3.29
(a) Si-Si bands of SiGe (502.2 cm−1) and of strained-Si (512.2 cm−1) from

a Raman spectrum and (b) Raman intensity map of strain strained-Si layer.
After P. M. Mooney, 2003 International Conference on Characterization and
Metrology for ULSI Technology, March 24-27, 2003.
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FIGURE 3.30
Influence of etch depth (- SiGe thickness), on stress in the channel measured
by micro-Raman spectroscopy. The stress is calculated from the Raman shift
assuming uniaxial stress. All samples have 20% Ge. The stress becomes more
compressive with deeming channel width and increasing etch depth. The
control sample (0 nm) has no SiGe. After F. Nouri et al., IEEE IEDM Tech.
Dig., 2004(1055-1058). With permission.

FIGURE 3.31
Measured vs. simulated stress as a function of etch depth for 1 and 2 μm

spacings. After F. Nouri et al., IEEE IEDM Tech. Dig., 2004(1055-1058).
With permission.
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micro-Raman spectroscopy measurements on test structures consisting of long
lines (channels) of various widths, separated by 5 μm of recessed SiGe S/D.
The stress induced by the SiGe in silicon (both between and under the SiGe
areas) is calculated from the Raman frequency shift (Δω) assuming uniaxial
stress: σ(MPa) = -434 Δω (cm−1). The measurements confirm that the SiGe
induces compressive stress in the channel area.

3.5 Engineered Substrates

3.5.1 Mobility Comparison

Fig. 3.32 schematically illustrates various heterostructure substrates that have
been used to investigate biaxial strain and high-mobility channel materials,
including epitaxial structures on bulk substrates and on-insulator implemen-
tations. As discussed before, the on-insulator (“OI”) substrates are generally
fabricated from bulk structures by a combination of epitaxial growth, wafer
bonding, and delamination or etch-back methods, which retain the strain state
of the layers. For example, strained-Si directly on insulator (SSDOI), illus-
trated in Fig. 3.32(e), is derived from biaxial strained-Si/relaxed-Si1−xGex

by transfer of the epitaxial layers and removal of the relaxed-Si1−xGex virtual
substrate, leaving a strained-Si layer directly in contact with silicon dioxide
[41, 64]. The on-insulator technologies provide a pathway to implementing
mobility enhancement in partially or fully depleted devices, in ultrathin-body
MOSFETs, or nonplanar (e.g., double-gate) MOSFETs.

Fig. 3.33 compares effective mobility in bulk MOSFETs for (a) electrons in
strained-Si/relaxed-SiGe and (b) holes in Si-channel and strained-Si/Si1−yGey

dual-channel heterostructures. For the strained-Si channel p-MOSFETs, the
data from Rim et al. is for biaxial strained-Si/relaxed Si1−xGex (x = 28%)
[65], and the data from Ghani et al. [66] is for process-induced compressively
strained-Si implemented by the growth of SiGe in the source/drain regions.
For dual-channel structures, the notation y/x represents the Ge mole frac-
tion in the strained-Si1−yGey layer and in the relaxed-Si1−xGex substrate,
respectively. The highest hole mobility is obtained for a pure Ge channel
strained in biaxial compression to a relaxed-Si0.5Ge0.5 substrate [67]. Other
dual-channel data is from Leitz et al. and Jung et al. [39, 68]. The curves
marked “Universal” are for unstrained-Si, from Takagi et al. [69] are also
shown for comparison.

Dual-channel heterostructures (Fig. 3.32(b)) use a combination of strained-
Si and strained-Si1−yGey to enable simultaneously high electron and hole
mobilities [39, 67, 68]. In addition, because of the high Ge content and com-
pressive strain, these structures offer significantly higher hole mobility than
either biaxial tensile strained-Si (Fig. 3.33(b)) or process-induced strained-Si
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FIGURE 3.32
Schematics of various reported heterostructure substrates used to enhanced

mobility. (a) biaxial strained-Si on relaxed-SiGe, (b) dual-channel structure
(y > x), and (c) heterostructure on bulk; and on-insulator implementations
on buried oxide (BOX) layers such as (d) strained-Si/relaxed-Si1−xGex on
insulator (SGOI), (e) strained-Si directly on insulator (SSDOI), and (f) het-
erostructure on insulator (HOI). After J. L. Hoyt et al., Enhanced Mobility
CMOS, Lecture Materials.
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FIGURE 3.33
Comparison of measured effective mobility in bulk technologies for (a) elec-

trons in strained-Si/relaxed-Si1−xGex, and (b) holes in various Si-channel and
strained-Si/strained-SiGe dual-channel implementations. See text for detail.
After J. L. Hoyt et al., Enhanced Mobility CMOS, Lecture Materials.
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(Fig. 3.33(b)). As illustrated in Fig. 3.33(b), the hole mobility increases with
increasing Ge fraction in the strained-Si1−yGey channel. A hole-mobility en-
hancement factor of approximately 10×, relative to unstrained-Si, is obtained
for a p-MOSFET with a thin strained-Si layer (∼ 5 nm) on top of a strained
Ge channel (∼ 12 nm) on a relaxed-Si0.5Ge0.5 virtual substrate [67].

The electron mobility in the strained-Si channel is enhanced by approxi-
mately a factor of 2 for the same structure. The high hole mobility results
from a combination of the small Ge in-plane hole effective mass, the biaxial
compression-induced strain splitting of the valence bands, and the use of a thin
Si cap layer, which enables a low interface state density to be obtained at the
semiconductor/insulator interface. In Ge surface-channel MOSFETs, where
the gate dielectric is formed directly on Ge without an intermediate Si layer,
reported hole mobility enhancements are in the range of 1.4 to 2× [70, 71, 72],
and n-MOSFET performance is disappointing [73]. The use of Si-compatible
gate insulator technology makes the strained-Si/strained-Ge dual-channel het-
erostructure very attractive.

3.5.2 Thermal Conductivity

The success of miniaturization in electronics has owed largely to how con-
veniently CMOS transistors scale down. Shrinking the transistor primarily
entails shortening its gate length and results in higher operating speed (thus
higher operating current) leading to higher temperature rise with each new
technology generation. It is thus important to address materials solutions
that enhance the thermal conductivity of the substrates, thereby mitigating
potential hot spots and the overall overheating of circuit components. Materi-
als with higher thermal conductivity than Si in the immediate vicinity of the
transistors could potentially keep circuits cooler due to their more efficient
heat removal. For example, single crystal diamond and single crystal silicon
carbide (SiC) have thermal conductivities, 20 W cm−1K−1 and 3-4 cm−1K−1,
respectively, that are much greater than that of Si, 1.5 W cm−1K−1. Thus, it
would be favorable to have diamond and SiC regions incorporated into chip
architectures for thermal management reasons.

To reduce the operating temperature of the Si transistors, the transistor re-
gions need to be placed on top of either (a) a handle wafer consisting of higher
thermal conductivity material where heat can be dissipated more efficiently to
a heat sink and (b) a high thermal conductivity layer that itself resides on top
of conventional Si substrate, where heat removal from the active circuit is not
changed much, but heat can be spread more uniformly across the entire area,
thus reducing the potential for hot spots. In SOI structures the insulator is
normally a thin layer of thermally grown SiO2. A high-quality dielectric layer
with better thermal properties than SiO2 would be of interest for improving
heat dissipation in SOI circuits. Amorphous, polycrystalline or crystalline
aluminum oxide, having thermal conductivity 10-30 times higher than SiO2,
may be used to improve heat dissipation during SOI circuit operation.
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Toward thermal management problems, the use of isotopically pure Si could
be a possible solution. The natural abundance of Si isotopes is 92.17% 28 Si,
4.71% 29 Si and 3.12% 30 Si. The density (concentration) of imperfections
in the form of isotopes (8%) far exceeds any other defects (e.g., doping) and
is the dominant scattering mechanism for the phonons that transport heat.
The presence of several percent of the more massive 29 Si and 30 Si isotopes
in a predominantly 28 Si crystal acts to scatter the phonons (i.e., lattice
vibrations) that transport most of the heat through the crystal, decreasing
its thermal conductivity. If the crystal contains isotopes of one mass only,
e.g., 28 Si, this component of phonon scattering is eliminated, increasing the
thermal conductivity, in principle. It has been shown experimentally and
theoretically that isotopic purification of group-IV elements (C, Si, Ge) leads
to significant increases in thermal conductivity. A 5-10% reduction in overall
thermal resistance is consistently measured.

In the case of isotopically pure silicon (99.9% Si) a peak thermal conduc-
tivity of 30,000 W/m-K is measured at 20 K [74]. This represents an six-fold
improvement over natural silicon. However, there is significant scatter in
the data for the extent of the improvement (10% to 60%) in the 300-400 K
range. For “undoped” silicon at room temperature the range of measured
thermal conductivity is: 142-148 W/m-K (natural Si) vs. 165-227 W/m-K Si.
Thermal conductivity degrades with increased doping by about 20% for both
natural Si and Si for an acceptor concentration of 2×1019 cm−3. A novel layer
transfer technique deploying isotopically pure Si has recently been reported
by Kizilyalli et al. [74]. In case of RF LDMOS transistors fabricated using
this methodology, a reduction of about 5-7oC in transistor average tempera-
ture is measured by infrared microscopy as compared with devices fabricated
using natural Si. Thus, it is likely that the use of 28Si may complement other
strategies for heat extraction from integrated circuits.

However, this approach is prohibitively expensive today due to the high cost
of isotope separation and the large amount of isotopically pure Si required for
a large diameter crystal. Alternatively, a thin layer of isotopically pure Si
can be deposited as the layer of an epitaxial wafer or SOI wafer. The cost of
depositing a thick 28Si epitaxial layer in a conventional 200 mm single wafer
reactor is estimated at $400, but may be substantially reduced by leveraging
high-volume production methodologies.

A significant drawback to the SSOI, SGOI, GOI, and strained-Si on relaxed-
SiGe platforms mentioned above for high-power devices is their dramatically
reduced thermal conductivity values near the active device regions relative
to bulk silicon substrate. Though its presence drastically reduces parasitic
capacitances, an intermediate oxide layer has a thermal conductivity value of
0.014 W cm−1 K−1 at 300 K, nearly 2 orders of magnitude lower than bulk-Si,
which serves to significantly reduce heat extraction from the device channel.
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3.6 Summary

In this chapter, we reviewed the recent progress made in new engineered sub-
strate materials and their potential in microelectronics with a view in mind
that: (a) new materials needed to be incorporated to continue downscaling
and (b) the performance advantage available from new materials. Improving
device performance through carrier mobility enhancement is of great impor-
tance for CMOS scaling. It can be done at the device level by introducing
a local stressing layer (e.g., strained-SiGe or silicon nitride film) within the
transistor structure and at the wafer level either through the introduction of
stress in the active layer or by optimizing crystal orientation for both pMOS
and nMOS devices.

With the availability of SiGe-free strained-Si layers on SOI substrates (SSOI)
that promise to break through today’s looming barriers of power dissipation -
an increasingly critical roadblock to higher-performing chips will be removed.
Since wafer-level (global) strain is not dependent on IC design, SSOI sub-
strates will enable a wider range of high-speed, low-power IC applications,
including those with high-performance logic cores. However, some challenges
for engineered substrates need to be overcome, such as the lower thermal con-
ductivity of most engineered substrates such as strained-Si on SiGe or SOI
platform.

Strained layer and epitaxy process characterization is metrology intensive.
Final strained-Si quality is strongly dependent on earlier growth stages. CMP
complicates the logistics and adds significantly to the cost. Commercialization
is focusing on higher throughput CVD epitaxy processes. New engineered
substrate materials, like strained-Si, will aid the extension of Moore’s law and
strained-Si can be considered as the beginning of a new roadmap on engineered
substrates.

Manufacturing practices in the CMOS industry are currently experiencing
a discontinuity, where new approaches are necessary in order to maintain im-
proved product capability within reasonable economic constraints. Strained-
Si technology is a very promising technology for CMOS manufacturers and
circuit designers. Strained-Si has the potential to provide great performance
benefits with minimal disruption to standard CMOS manufacturing infras-
tructure.
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4

Electronic Properties of Engineered
Substrates

Toward strained-Si engineering, during the last 15 years major focus has been
on tensilely strained (biaxial) substrates as it is possible to improve both n-
and p-MOSFETs simultaneously. Although this is true, it occurs only at
low electric field and high stress [1]. Currently, uniaxial stress has become
the preferred method to strain the Si lattice and has been implemented into
several 90-nm logic technologies [2, 3, 4]. Strain influences electrons and
holes in CMOS transistors differently. Tensile strain, in which the interatomic
distances in the silicon crystal are stretched, typically increases the mobility
of electrons, making n-MOSFETs faster. But tensile strain may not benefit
p-MOSFETs as much, and it may even slow them down. Compressive strain,
in which those interatomic distances are shortened, produces essentially the
opposite effects.

Uniaxial stress engineering has become a key technology to improve CMOS
performance. However, the physical mechanisms of electron and hole mobility
enhancement by uniaxial stress have not yet been fully understood. It is
necessary to understand the physical mechanisms for modeling the electron
and hole mobility. Also, the limits of uniaxial stress engineering, in terms
of mobility enhancement, and its effectiveness in ballistic regime needs to be
identified. It has been reported that the hole mobility enhancement obtained
either via biaxial or uniaxial strain is due to the conduction band splitting
and mobility enhancement with a tensile nitride-capping layer [5, 6] is similar
to the biaxial strained-Si on relaxed-Si1−xGex.

Unlike the traditional approach where biaxial strain is applied into the
channel from the bottom using strained-Si on relaxed-Si1−xGex [7, 8, 9, 10],
uniaxial strain is introduced from the side using Si1−xGex in the source/drain
region (for p-MOSFET) and a nitride-capping film with a large tensile stress
(for n-MOSFET) [11]. While biaxial tensile stress has a great technologi-
cal importance to CMOS logic technologies since it introduces advantageous
strain for both n- and p-MOSFETs, it has not been introduced in commercial
CMOS fabrication of device and circuits due to several integration challenges,
process complexity, and cost. Furthermore, most p-MOSFETs fabricated us-
ing biaxially strained-Si, demonstrates a small hole mobility improvement at
high vertical fields where the most commercial MOSFETs operate [9].

In spite of difficulties to keep short-channel effects under control and to
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maintain an acceptable level of performance, advanced bulk MOSFETs appear
as the most probable candidates for CMOS devices integration till 45-nm (Lch

= 18 nm) technology node. However, a reliable and physically based model
for their electrical performances is still missing. Currently available compact
models rely on the usual concept of drift diffusion and saturation velocity,
implicitly assuming the occurrence of a large number of scattering events in
carrier transport from source to drain. However, as the carrier mean free path
becomes comparable with the channel length, these assumptions are no longer
valid as the devices may operate close to their ballistic limit.

In such devices the performances are no longer limited by transport mech-
anisms along the channel but rather by the carrier injection mechanism and
scattering processes occurring close to the source end [12, 13]. These phe-
nomena are strongly influenced by the properties of the inversion layer in
this area, and in particular by its quantum 2D carrier gas nature [14], espe-
cially in highly scaled bulk devices with high channel doping and thin gate
oxide. Consequently, quantization must be carefully taken into account in an
improved approach for quasiballistic compact modeling. Different analytical
models [12, 15] have been proposed in the literature but each of them are
based on an approximate description of the 2D inversion layer (neglecting
degeneracy, quantization or accounting for only one single subband), leading
to an inaccurate estimation of the injection velocity. Conventional numeri-
cal Poisson-Schrodinger simulations are not suitable with compact models for
device simulations and performance predictions.

In this chapter, we explain how strain alters the valence and conduction
band of SiGe, SiGeC and strained-Si. Electronic properties and carrier trans-
port are also the topics of this chapter. After a discussion of the band struc-
ture of Si/SiGe heterostructures, physical mechanisms of electron mobility
enhancement in uniaxial stressed MOSFETs and impact of uniaxial stress en-
gineering in ballistic regime are discussed. Key differences for process-induced
uniaxial vs. substrate-induced biaxial stressed Si and Ge channel MOSFETs
are discussed. An attempt will also be made to confirm the differences for
biaxial and uniaxial stress, and explain the physical mechanism responsible.

4.1 Substrate-induced Strained-Si

Uniaxial stress has become the preferred method to strain the Si lattice and
has been implemented into several 90-nm logic technologies [3, 11, 16]. How-
ever, during the last 15 years, major focus has been placed on tensilely strained
biaxial substrate-strain induced strained-Si [17]. The biaxial tension (sub-
strate strain) in strained-Si grown on relaxed-SiGe substrates splits the de-
generacy in both the conduction and valence bands and reduces the bandgap
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[18]. For n-MOSFETs, the tensile strain in pseudomorphic Si on relaxed-SiGe
splits the six-fold degeneracy of the conduction band minimum, resulting in
an increased electron mobility due to the lower in-plane effective mass and
reduced intervalley scattering.

Band alignments in heterostructures giving rise to band offsets or band
discontinuities, which are very important for junction device applications.
For bipolar heterostructure devices, the band offset determines the forward
injection efficiency. On the other hand, it controls the fraction of charge
carriers confined in the high-mobility channel in MOSFETs. For an atomically
sharp interface, the band discontinuities are sharp on an atomic length scale in
contrast to the much larger length in band bending associated with depletion
layers. Therefore, the band discontinuities are more fundamental in nature
and are used as boundary conditions in the solution of Poisson’s equation to
yield the band bending.

It is expected that the tensile strain, which is perpendicular to the (110)
surface, induces the energy splitting between the four-fold and the two-fold
valleys, and the energy level four-fold valley becomes lower than that of the
two-fold valley. As a result, the electron mobility along the direction can
be enhanced because of lower conductivity mass of the four-fold valley along
the direction and the reduced intervalley scattering, which is similar to elec-
trons in the (100) strained-Si channel [19]. This increased mobility has been
demonstrated in n-MOSFETs by various workers [20, 21, 22] and has been
shown to provide significant drive current enhancement in deep submicron
n-MOSFETs in both bulk and SOI technologies [8, 23]. This is attributed to
the increased source-side carrier velocity that is enabled by the larger low-field
mobility [24, 25] in strained-Si compared to bulk-Si.

The electron mobility is enhanced in a strained-Si layer grown on top of a
thick, relaxed-SiGe due to the lattice mismatch (which can be controlled by
the Ge mole fraction), the thin silicon layer appears to be “stretched” (under
biaxial tension) [26]. The origin of the electron mobility enhancement can
be explained by considering the six-fold degeneracy in the conduction band.
It is known that the perpendicular effective mass is much lower than the
longitudinal one. Therefore, this carrier redistribution and reduced intervalley
scattering enhance the electron mobility. The hole depends on the strain
mainly due to redistribution of holes between light and heavy valleys, and
changes the effective masses in these valleys.

In the deformation potential theory, the strains are considered to be rela-
tively small. The change in energy of each carrier subvalley, caused by the
deformation of the lattice, is a linear function of the strain. For silicon, three
subvalleys for electrons (which are applied to three two-fold subvalleys in the
conduction band) and two subvalleys for holes (which are applied to heavy-
hole and light-hole subvalleys in the valence band) are considered.

To quantify the mobility enhancement, changes in the conductivity effec-
tive mass and scattering are taken into account, both of which depend on the
strain-altered valence band. Biaxial tension in strained-Si grown on relaxed-
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Si1−xGex virtual substrates alters the Si band structure by splitting the sub-
band degeneracy in both the conduction and valence bands and reducing the
bandgap [27]. To explain the field dependence of the mobility in biaxial tensile
strain, Fischetti et al. [28] showed the reduction in hole mobility enhancement
with vertical field results from the quantization associated with the confining
surface potential of the MOSFET. Significant scattering reduction requires >
1 GPa of stress to split the band 60 meV, which is consistent with the biaxial
substrate hole mobility experimental data. For biaxial stress since there is
no mass improvement, the mobility enhancement only results from reduced
scattering and thus requires ∼ 25-30% Ge (> 1 GPa stress) [29].

4.1.1 Energy Gap and Band Structure

The band structure determines the electronic and optical properties of semi-
conductors. Transport properties, the bandgap, and band shapes control op-
tical absorption and photoluminescence. The knowledge of band alignment is
essential to determine the band offsets, which in turn play an important role
in the design of heterostructure devices. The high lattice mismatch in SiGe
heterostructures significantly modifies the band structures giving rise to many
complexities in band structure calculations. The effective mass approximation
model, valid for lattice matched heterostructures such as GaAs-AlGaAs, does
not hold good for a strained layer system, which requires a microscopic formal-
ism taking into account the precise atomic positions and potential variations
in the crystal. In the empirical pseudopotential (EPP) approach used for bulk
semiconductors, [30], the empirically known band structure properties are re-
produced by choosing a suitable pseudopotential. A perturbation potential is
then constructed for each atom in the unit cell to account for the lattice strain
introduced into the bulk crystal. The consideration of microscopic variation of
potential due to individual atoms gives rise to a clear description of bulk mo-
mentum mixing resulting from the scattering of electrons from the misplaced
atoms. The scheme accurately describes the states at and around the conduc-
tion and valence band edges. Therefore, the pseudopotential method has been
found to be successful in predicting various optical and transport properties of
strained-SiGe layers. The approach has been found to have limitations in the
presence of impurity atoms when the deviations from the bulk-like structure
are too great due to structural relaxation.

On the other hand, the local density approximation (LDA) [31, 32] and ab-
initio pseudopotential calculations provide a microscopic description of SiGe
alloys without any reference to the bulk crystal properties and describe the
properties of a particular atomic species regardless of its local environment.
The LDA schemes, which include the microscopic potential variation in the
interface region, give a very accurate description of the valence band through
minimization of ground-state energy and predict structural relaxation very
precisely at the cost of an increased computational effort. However, the value
of the bandgap is vastly underestimated due to an inadequate description of
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FIGURE 4.1
The valence band structure of Si and Ge showing lower hole effective masses
and very large spin-orbit splitting in Ge as compared to Si.

the excited states of the system in the LDA approach. Both the EPP and
LDA methods have contributed significantly to an understanding of the band
structure and transport properties of strained-SiGe layer heterostructures.
The suitability of a particular method depends upon the particular structure,
the nature of the system and specific properties that need to be studied. In the
following, we present the band structure and transport properties of group-IV
alloy semiconductor heterostructures and strained layer superlattices.

An important consideration for any device utilizing the silicon heterostruc-
tures is the internal band alignment of the structure due to the bond inter-
face. Previous reports of similar strained-Si structures grown on relaxed-SiGe
buffers with similar levels of strain have shown that the strained-Si channel
behaves as an electron well with a depth of approximately 130-200 meV [33].
The bandgap of such strained-Si layers has also been determined to be approx-
imately 1 eV. Based on these previous determinations of the band alignment
of strained-Si relative to bulk-Si, one can speculate on the likely internal band
alignment of the SSOI heterostructures.

The empirical pseudopotential formalism has been used by treating the SiGe
alloy as a “virtual crystal” having the interpolated lattice constant, potential,
and so on. The band structure of unstrained-Si0.5Ge0.5 alloy using the VCA is
shown in Fig. 4.1 along the symmetry lines L-Γ-X. The bandgap of unstrained
bulk SiGe alloy was measured at 4.2 K [34]. The excitonic bandgap varies
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smoothly with Ge content from the Si gap at 1.155 eV to the Ge gap at 0.740
eV. For the Si1−xGex alloy, the conduction band structure is Si-like up to
85% Ge with minima at the X-point. However, it exhibits Ge-like character
with minima at the L-point for Ge fractions above 85%. The experimentally
measured values could be fitted well by the quadratic equation [35]

Eg(x) = (1.155− 0.43x + 0.0206x2) eV for 0 < x < 0.85 (4.1)

and
Eg(x) = (2.010− 1.27x) eV for 0.85 < x < 1 (4.2)

There is a large body of experimental data on the effects of compres-
sive strain on the bandgap, but comparatively less for the effects of tensile
strain, i.e., for Si1−xGex grown on a Ge substrate or Si grown on a relaxed-
Si1−xGex substrate. However, theoretical calculations of the bandgap of arbi-
trary strained alloy layers have been reported by several authors [36, 37, 38].

For compressively strained-Si1−xGex on Si substrate, the theoretical results
of People [36, 37] using deformation potential theory, indicated by the hatched
lines in Fig. 4.2, are in good agreement with the experimental data. The
bandgap of compressively strained-Si1−xGex layer can be approximated by
the relationship [39]

Eg(x, T ) = Eo(T ) − 0.96x + 0.43x2 − 0.13x3 (4.3)

where Eg is the difference between the lowest lying conduction band and the
highest lying valence band edge for a Si1−xGex strained layer grown on Si and
Eo(T ) is the bandgap of bulk-Si.

As seen from Fig. 4.2, the theoretically reported values for the bandgap of
strained-SiGe alloys on a Ge or a Si0.5Ge0.5 substrate differ quite substantially.
The solid line was reported by People [36, 37] by considering the strain induced
shift and splitting of conduction and valence bands using the deformation
potential parameters of bulk-Si for x < 0.85 and those for bulk Ge for x
> 0.85. However, the use of deformation potential parameters by linearly
extrapolating the respective values of Si and Ge yielded a different result,
as shown by the dashed-dotted lines in Fig. 4.2. On the other hand, the
calculated values of bandgap based on local density fluctuations and ab-initio
pseudopotentials [38] are shown by the dashed line. Therefore, experimental
values of bandgap are necessary for tensile strained-SiGe alloys grown on
higher lattice constant substrates.

Lattice strain alters the band structure of a semiconductor by either shifting
it in energy, distorting it, removing degeneracy effects, or any combination of
the three. Hydrostatic strain shifts the energy level of a band. On the other
hand, a uniaxial or biaxial strain splits the degenerate bands. When a thin
layer of silicon is grown on top of a thicker layer of silicon germanium, the
lattice mismatch pulls the silicon atoms apart. The conduction band in silicon
contains six equal ellipsoids, and the strain causes four of them to go up in
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FIGURE 4.2
Fundamental indirect bandgap of strained-Si1−xGex alloys in comparison

with bulk alloy. The full (open) symbols are the results of photocurrent
measurements at T = 90 K for pseudomorphic Si1−xGex films on Si(001)
substrates. The hatched areas between the full lines show the theoretical re-
sults for transitions involving heavy-holes (±3/2) and light-holes (±1/2). Also
shown are the calculated data for pseudomorphic films on either Si0.5Ge0.5 or
Ge substrates.



126 Strained-Si Heterostructure Field Effect Devices

energy and two to go down in energy. Uniaxial strain splits the band into two-
fold degenerate bands at lower energy plus a nondegenerate band at higher
energy while keeping the average energy over the three bands equal. The
energy shift due to strain does not alter the shape of the conduction band and
keeps the effective mass unaltered. However, for multivalleyed semiconductors
like Si, Ge and Si1−xGex alloys the carrier population in individual bands
may be altered. On the other hand, the strain has a significant effect on the
shape of the valence band structure, resulting in a change in effective mass
and mobility. So the piezoresistance effect is much more predominant in p-
type semiconductors than in n-type semiconductors. Additionally, reduced
symmetry of the band structure leads to a shift in energy of the valence band.

In case of an unstrained system, i.e., for a lattice-matched heterojunction,
the band offsets can be simply derived from the band lineup at the interface.
The calculation is more complicated in the case of strained heterostructures
with group-IV alloys. Besides the normal band offsets, the splitting of bands
due to uniaxial strain and additional shifts due to hydrostatic strain need to
be computed. It should be noted that the band discontinuities in strained
heterostructures are well defined only if the interface is pseudomorphic so
that the in-plane lattice constant is continuous across the interface. The best
theoretical study on the estimation of heterojunction discontinuities has been
carried out by van de Walle and Martin [38].

As discussed above, the strain alters the position of the atoms in a crystal,
and in a tight-binding (TB) model, both the overlap energies between or-
bitals sitting on neighboring atoms and the on-site orbital energies are altered
because of this. Using TB model, Rahman et al. [40] have calculated the
strain in strained-Si p-MOSFETs where both the uniaxial compressive and
biaxial tensile strains are involved. Fig. 4.3 shows the two different strained
p-MOSFET geometries compared. In both cases, relaxed-SiGe induces strain
in the pseudomorphic Si channel. Their lattice mismatch causes biaxial tensile
strain in Si channel along the SiGe-Si interfacial plane and uniaxial compres-
sive strain normal to it. The holes are quantum mechanically confined along
thickness direction, z. It may be noted that in these two geometries, the rela-
tive orientation of the uniaxial strain axis and confinement axis are different.

This relative orientation of strain with quantum confinement has a pro-
found effect on the transport properties at high gate bias, as has already been
observed experimentally [11]. The combined effect of strain and quantum
confinement on the Si valence subbands is presented in Fig. 4.4. In bulk-Si,
quantum confinement is absent and biaxial tensile strain removes the degen-
eracy of heavy hole (HH)-light hole (LH) band at Γ. As a result, the LH band
with better transport properties rises in energy and is primarily populated by
holes. In Fig. 4.4 we observe that this strain advantage is nullified by quan-
tum effects in strained-Si on SiGe devices (left), and the top subband again
becomes HH-like with poor transport properties. However, for the strained-Si
channel in SiGe S/D devices (right), the top subband remains LH-like (large
curvature) even at strong quantum confinement. This bandstructure advan-



Electronic Properties of Engineered Substrates 127

FIGURE 4.3
Two strained-Si p-MOSFET geometries are compared. (a) SiGe substrate

(substrate-induced strain) and (b) SiGe source/drain (process-induced stress)
devices. Lattice mismatch between SiGe and Si causes biaxial tensile strain
(ε > 0) in Si, parallel to the SiGe-Si interface, and compressive strain (ε <
0) normal to the interface. For the SiGe substrate device, compressive strain
is along the quantum confinement direction of inversion layer holes, while in
the SiGe S/D device it is along the transport. After A. Rahman et al., IEEE
IEDM Tech. Dig., 2004(139-142). With permission.
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FIGURE 4.4
Tight-binding simulations of strain effects in quantized valence subbands of

Si. Thickness of Si-(001) channel is 24 atomic layers (∼ 3.5 nm). Strain
inducing SiGe regions contain 25% Ge. Left: In SiGe substrate device, top
hole subband in Si is HH type (small curvature). Right: Top hole subbands
of Si in SiGe S/D device is LH type (large curvature). In presence of strong
quantum confinement, a clear bandstructure advantage of SiGe S/D device
is visible. After A. Rahman et al., IEEE IEDM Tech. Dig., 2004(139-142).
With permission.

tage has led to 25% more Ion in SiGe S/D device compared to its counterpart.
The conduction band structure of Si1−xGex is silicon-like below x = 0.85.

The conduction band minimum in Si occurs at the Δ-point between the Γ- and
X-valleys and is strongly affected by a tetragonal strain. The L conduction
band minimum of Ge has a four-fold spatial degeneracy, which is not lifted
by a tetragonal strain. Since the L-valley for Ge becomes important only
for very high Ge concentration, the six-fold degenerate bands at the Γ-point
are considered here for Si1−xGex alloys of high practical interest. The six
ellipsoidal energy shells located at equivalent positions in k-space in <001>
directions are shown in Fig. 4.5(a). The strain has no apparent effect on the
ellipsoidal shape of the energy surface but causes a shift in energy [41, 42].
So unlike the valence band cases, the effective mass of each band remains
unchanged [38]. The relative shift in energy in the case of a compressively
strained film is shown in Fig. 4.5(b) where [001] conduction bands (two-fold
degenerate Δ2 bands) move up in energy, while the [010] and [100] bands (four-
fold degenerate Δ4 bands) are shifted downwards in energy. Fig. 4.5 shows
the constant energy surface diagram indicating the size change of each valley
to a smaller one for an upward energy shift and to a larger one for a downward
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FIGURE 4.5
Constant energy surfaces for the Si conduction band. The size change of each
valley in the constant energy surface diagram indicates a shift up (smaller)
or down (larger) in energy. After T. Manku and A. Nathan, IEEE Trans.
Electron. Dev., Vol. 39, 1992(2082-2089). With permission.

FIGURE 4.6
Δ1 conduction band splitting (uniaxial components only) for bulk-Si1−xGex

alloys grown on Si(001) substrates. After R. People, Phys. Rev. B, Vol. 32,
1985(1405-1408). With permission.
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shift. In the case of tensile strained film (film grown pseudomorphically on
a substrate with larger lattice constant), the direction of motion of the split
levels is reversed. Here, the Δ2 band moves lower in energy relative to the Δ4

band as shown in Fig. 4.5(c).
The splitting of the conduction band minima for compressively strained

Si1−xGex films as a function of Ge concentration is shown in Fig. 4.6. The
energy difference between the separated bands due to splitting depends on the
magnitude of the strain and can be calculated by the deformation potential
theory [43, 44]. Deformation potential theory has also been used by van de
Walle and Martin [38] to give expressions for the perturbed conduction band
levels of Si and Ge.

In order to determine the band alignment for a given Si1−xGex/Si heteroint-
erface, the bandgap of the constituent layers as well as the band discontinuity,
ΔEc or ΔEv, must be known. Strain-induced modification of Si/SiGe films
is found to have a significant impact on the band structure and carrier trans-
port. When a thin film with a larger lattice constant (e.g., Si1−xGex) is grown
on a smaller lattice constant substrate (e.g., Si), the film maintains the in-
plane lattice constant of the substrate and is under a biaxially compressive
strain. This is known as the type-I band alignment where almost the entire
band offset occurs in the valence band while the band offset in the conduction
band is very small. This type of structure is favorable for hole confinement
and has been exploited in novel heterostructure devices, namely p-MOSFETs,
p-MODFETs, and HBTs [45].

Similarly, a smaller lattice constant Si epilayer will be under biaxial tension
when grown on a larger lattice constant relaxed-Si1−xGex substrate. In this
case, type-II band offset occurs and the structure has several advantages over
the more common type-I band alignment, as a large band offset is obtained
in both the conduction and valence bands, relative to the relaxed-Si1−xGex

layer [43]. This allows both electron and hole confinements making it useful
for both n- and p-type devices for strained-Si/SiGe-based CMOS technology.
Since strained-Si provides larger conduction and valence band offsets and does
not suffer from alloy scattering (hence mobility degradation) [46], a significant
improvement in carrier mobility can be achieved. Strained-Si is more difficult
to grow than strained-Si1−xGex, since bulk-Si1−xGex substrate is not available
and growth of relaxed-Si1−xGex without forming a large concentration of
defects due to dislocations was difficult. However, the ability to achieve both
nMOS and pMOS devices using strained-Si provides a promising alternative
for the next-generation high-performance SiGe-CMOS technology (see, for
example, reviews by Schaffler [47] and Maiti et al. [18] and references therein).

Bandgap narrowing due to a heavy doping effect changes the physical con-
stants used in the minority carrier transport equation and is crucial for ac-
curate determination of device properties. Jain and Roulston [48] reported
general closed-form equations for bandgap narrowing for n- and p-type Si, Ge,
GaAs, and Si1−xGex strained layers. The equations are derived by identifying
the exchange energy shift of the majority band edge, correlation energy shift
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of the minority band edge, and impurity interaction shifts of the two band
edges. The bandgap narrowing (for N > 1018 cm−3) is given by

ΔEg = A1

(
N

1018

)1/3

+ A2

(
N

1018

)1/4

+ A3

(
N

1018

)1/2

(4.4)

where A1, A2 and A3 for n- and p-type Si, Ge and GaAs are given in
reference [49]. For p-type Si1−xGex alloy with a Ge content of less than 0.3,
the bandgap narrowing is given by

ΔEg = 11.07(1− 0.35x)
(

N
1018

)1/3

+ 15.17(1− 0.54x)
(

N
1018

)1/4

+

5.07(1 + 0.18x)
(

N
1018

)1/2 (4.5)

Assuming that the linear dependence on Ge concentration is independent of
doping, the effects of bandgap reduction due to Ge concentration and bandgap
narrowing due to heavy doping are separated [50]:

ΔEg,eff = ΔEg,dop + ΔEg,Ge (4.6)

Assuming a ΔEg,dop of the form

ΔEg,dop = A + Blog
(

NA

1018

)
(4.7)

and a linear dependence of ΔEg,Ge on x, a three-parameter best fit was
found to be

ΔEg,eff = 28.6 + 27.4log10

(
NA

1018

)
+ 688x (4.8)

where NA is the base doping and x is the Ge mole fraction and Eqn. 4.8 is
valid only for doping levels beyond 1018 cm−3. The first two terms represent
bandgap narrowing due to heavy doping and the last term is the bandgap
reduction due to the Ge contribution. ΔEg,eff is not a measure of the ac-
tual bandgap reduction but the effective (apparent) bandgap reduction rel-
evant for minority carrier concentration and thus electron transport across
the Si1−xGex. The apparent bandgap is larger than the true bandgap due to
valence band filling in the degenerately doped semiconductor.

In devices, impurity scattering plays an important role in limiting the
achievable mobility. The Brooks-Herring and Cornwell-Weisskopf approaches
[51] are used in modeling three-dimensional charged impurity scattering in-
cluding the effect of screening by carriers. The drift mobility and velocity
field characteristics of a bulk semiconductor are limited by intrinsic lattice
scattering through interaction between the phonons and the carriers, impu-
rity scattering in doped semiconductors and alloy scattering in semiconductor
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alloys. Phonon scattering is contributed by acoustic phonons and optical
phonons, each with its characteristic dispersion relations. These are specified
by the relevant deformation potentials, which determine the rate of scattering
from an initial momentum to a final momentum, with the states in the same
or a different valley, i.e., intravalley scattering or intervalley scattering. The
actual scattering rate depends on the band structure details, the number of
equivalent and nonequivalent valleys and their energy separation. The in-
teraction potential for impurity scattering is related directly to the screened
Coulombic potential while for alloy scattering an alloy potential whose effect
depends on the mole fractions of the mixture is used. The actual mobility
measured in a device is smaller than the bulk mobility, however, because of
the presence of interfaces invariably present with their defects and charges.

Computations of band properties in relation to determination of scatter-
ing processes and bulk mobility of carriers have been made by Hinckley and
Singh [52]. Acoustic phonon and optical phonon scattering rates and their de-
pendence on energy at room temperature have also been computed. At very
low energies, the optical phonon emission process is absent and the acoustic
phonon scattering rate (Wac) and nonpolar optical phonon absorption rate
(NPOA) are comparable. It can be concluded that (a) the nonpolar optical
(NPO) scattering rate (Wnp) is greater than the acoustic phonon scattering
rate, (b) at low energies the impurity scattering rate may exceed Wnp, and
(c) Walloy for an alloy potential of 0.8 eV exceeds Wnp and phonon scattering
rates for Ge are smaller typically by a factor of about two. This combined
with a smaller effective mass for holes in Ge gives higher mobility.

For MOSFET applications, the mobility is mainly dominated by the phonon-
phonon scattering, however, for low temperature transport study, instead of
phonon-phonon scattering, the mobility is determined by the Si/SiGe inter-
face roughness scattering, impurities scattering, alloy scattering, etc. Fig.
4.7 shows the schematic of the universal mobility curve of Si MOSFETs at
room temperature. Carrier mobility is limited by Coulomb, phonon, and sur-
face roughness scattering. Quantifying the improvement due to scattering has
been difficult using acceptable scattering parameters, but reduced scattering
is still believed to account for the mobility enhancement [53].

The general formalism for computing momentum relaxation time in the case
of acoustic phonon scattering τac and zero-order optical phonon scattering τop

is given by [51]

τac =
π�

4cL

21/2Ξ2m∗3/2kBTE
1/2
k

(4.9)

and

τop =
21/2π�

3ωoρ

D2
om

∗3/2

{
n(ωo)(Ek +�ωo)1/2 +[n(ωo)+1](Ek−�ωo)1/2

}−1

(4.10)
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FIGURE 4.7
Schematic of the universal mobility curve of Si MOSFETs at room tempera-
ture. Carrier mobility is limited by Coulomb, phonon, and surface roughness
scattering.

where Ξ is the deformation potential, Do is the interaction constant, n(ωo)
is the Bose-Einstein occupancy function with optical phonon frequency ωo,
Ek is the carrier energy, ρ is the mass density, � is the reduced Planck’s
constant and cL is the elastic constant of the lattice in the longitudinal mode.
The expressions show that the acoustic phonon limited mobility increases
as T−1. The variation of optical phonon limited mobility arising from the
Bose-Einstein occupancy function n(ωo) shows a faster increase with inverse
temperature.

The expression for momentum relaxation time of charged impurity scatter-
ing in the Brooks-Herring model is given by [51]

τimp =
29/2πε2m∗1/2E

3/2
k

Z2e4NI

[
log

(
1 +

8m∗Ek

�2q2
o

)
− 1

1 + �2q2
o/8m∗Ek

]−1

(4.11)

where qo is the reciprocal screening length, NI is the number of impurity
centers per unit volume and Z is the atomic number. Mobility limited by
impurity scattering decreases with temperature, varies inversely with doping
concentration, and increases with carrier concentration. The scattering rate
depends on the separation between the carrier supply layer and the channel
and is therefore high for accumulation mode devices when the dopants are
separated from the channel. This effect is exploited in modulation-doped
structures and may be computed in a manner similar to that employed for
finding the effect of oxide charge.



134 Strained-Si Heterostructure Field Effect Devices

The band structure of an alloy is described using the virtual crystal ap-
proximation assuming a uniform distribution of the constituents. Fluctua-
tions from uniformity give rise to local changes in the potential experienced
by the carriers, and hence scattering. The scattering rate is proportional to
the magnitude of the scattering potential Va and the product x(1-x) where x is
the Ge mole fraction in the binary alloy. The alloy scattering limited mobility
in a Si1−xGex alloy is given by [54]

μalloy =
e�3

m∗2
t ΩoV 2

a x(1− x)

(
16
3b

)
(4.12)

where m∗
t is the transverse effective mass, Ωo is the atomic volume, Va is the

alloy disorder potential and b is the variational parameter given by

b =
(

33m∗
l e

2n

8ε�2

)1/3

(4.13)

where m∗
l is the longitudinal effective mass and n is the carrier concentration.

Thus, the alloy scattering mobility has dependence on the masses and the
carrier concentration. It is presumed that alloy scattering limited mobility in
relaxed- and strained-SiGe materials would be similar. An estimation of the
alloy disorder potential Va is important as it is squared in the formula.

4.1.2 Electron Mobility

Strained-Si has been studied for nearly 15 years and the physics behind the
inversion layer mobility enhancement has been reported [19, 27, 46, 55]. Mo-
bility improvement in strained-Si takes place mainly due to:

(a) the reduction in the carrier conductivity effective mass; and
(b) the reduction in the intervalley phonon scattering rates [56, 57, 58].
Both facts are a consequence of the splitting of the six-fold degeneracy in the

Si conduction band minimum caused by the strain [59]. However, the effect
on the mobility of electrons, the main carrier in n-channel devices, is different
than that of hole mobility, the main carrier in p-channel devices. While it
is relatively easy to get close to a factor of 2 increase in electron mobility, it
is more complicated to get a similar increase in hole mobility. Though there
has been much focus on reduced in-plane mass to increase mobility, increasing
the out-of-plane mass for electrons and holes is now understood to be equally
important for maintaining the mobility enhancement at high vertical fields
[60].

For electron transport in bulk-Si at room temperature, the conduction band
is comprised of six degenerate valleys. Strain removes the degeneracy between
the four in-plane valleys (Δ4) and the two out-of-plane valleys (Δ2) by split-
ting them in energy. The conduction band structure of Si1−xGex is silicon-like
below x = 0.85. The conduction band minimum in Si occurs at the Δ-point
between the Γ- and X-valleys and is strongly affected by a tetragonal strain.
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The L conduction band minimum of Ge has a four-fold spatial degeneracy,
which is not lifted by a tetragonal strain. Since the L-valley for Ge becomes
important only for very high Ge concentration, the six-fold degenerate bands
at the Γ-point are considered here for Si1−xGex alloys of high practical inter-
est. The six ellipsoidal energy shells located at equivalent positions in k-space
in <001> directions are shown in Fig. 4.5(a). The strain has no apparent
effect on the ellipsoidal shape of the energy surface but causes a shift in en-
ergy [41, 42]. So unlike the valence band cases, the effective mass of each
band remains unchanged [38]. The relative shift in energy in the case of a
compressively strained film is shown in Fig. 4.5(b) where [001] conduction
bands (two-fold degenerate Δ2 bands) move up in energy, while the [010] and
[100] bands (four-fold degenerate Δ4 bands) are shifted downwards in energy.

In the case of tensile strained film (film grown pseudomorphically on a
substrate with larger lattice constant), the direction of motion of the split
levels is reversed. Here, the Δ2 band moves lower in energy relative to the Δ4

band as shown in Fig. 4.5(c). The lower energy of the Δ2 valleys means that
they are preferentially occupied by electrons. The electron mobility partly
improves via a reduced in-plane and increased out-of-plane m∗ due to the
favorable mass of the Δ2 valleys, which results in more electrons with an in-
plane transverse effective mass (mt = 0.19 mo) and out-of-plane longitudinal
mass (ml = 0.98 mo).

The carrier mobility is given by

μ =
qτ

m∗ (4.14)

where 1/τ is the scattering rate and m∗ is the conductivity effective mass.
Strain enhances the mobility by reducing the conductivity effective mass
and/or the scattering rate. For unstressed bulk-Si, the total electron conduc-
tivity mass, m∗, is obtained by adding the contributions of the six degenerate
valleys and is given by

m∗ =
[
1
6

(
2

ml

)
+

(
4

mt

)]−1

(4.15)

The effective mass for any direction is the reciprocal of the curvature of the
electron energy function in that direction. Consequently, the effective mass of
each ellipsoid is anisotropic, with the transverse mass (perpendicular to the
axis) given by mt = 0.19 mo being significantly smaller than the longitudinal
mass (parallel to the axis) given by ml = 0.98 mo, where mo is the free
electron mass. For electrons, both mass and scattering changes are generally
accepted as important for mobility enhancement [53]. The electron scattering
also reduces due to the conduction valleys splitting into two sets of energy
levels, which lowers the rate of intervalley phonon scattering between the Δ2

and Δ4 valleys. However, for holes, only mass change due to band warping
and repopulation plays a significant role, as the strain-induced valence band
splitting is smaller than that for the conduction band [55].
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FIGURE 4.8
In-plane drift velocity in strained-Si on SiGe for an electric field of 105 V/cm
vs. Ge content of the substrate (error bars: standard deviation of different
Monte Carlo calculations). After Th. Vogelsang and K. R. Hofmann, Proc.
IEEE DRC, 1992(34-35). With permission.

FIGURE 4.9
Low field in-plane drift mobility of strained-Si on SiGe at E = 1 kV/cm vs.

Ge content of the substrate (error bars: standard deviation of different Monte
Carlo calculations). After Th. Vogelsang and K. R. Hofmann, Proc. IEEE
DRC, 1992(34-35). With permission.
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FIGURE 4.10
In-plane velocity-field characteristics of strained-Si on SiGe. Open circles:

substrate with 25% Ge content. Squares: unstrained-Si. After Th. Vogelsang
and K. R. Hofmann, Proc. IEEE DRC, 1992(34-35). With permission.

FIGURE 4.11
Calculated temperature dependence of in-plane drift mobility of strained-

Si/Si0.75Ge0.25 (squares) compared to experimental Hall mobility in
Si/Si0.75Ge0.25 modulation doped structure for two different samples of [l]
dashed and dotted lines and [2] solid line. 1. F. Schaffler et al., Semicond.
Sci. Technol., 7, 260 (1992). 2. Y. J. Mii et al., Appl. Phys. Lett., 59,
1611 (1991). After Th. Vogelsang and K. R. Hofmann, Proc. IEEE DRC,
1992(34-35). With permission.
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Vogelsang and Hofmann [61] have investigated the electron drift velocities,
mobilities, mean carrier energies and valley populations for in-plane electric
fields from 1×103 to 1×105 V/cm, for temperatures between 300 K and 50
K, and Ge contents of the substrate up to 40% (see Figs. 4.8 and 4.9). A
substantial increase of both low-field mobility and of high-field drift velocity
was observed when the Ge content, x, of the substrate is raised from 0 to 40%.
Both quantities saturate at a comparatively small x values. At room temper-
ature, the low-field mobility increases from 1420 cm2/V-s in unstrained Si to
a saturated value of about 2000 cm2/V-s at a Ge content of 30%. The high-
field drift velocities show considerable improvement relative to unstrained-Si,
e.g., 16% at an intermediate field of 1×104 V/cm for 25% Ge (see Fig. 4.10),
in the whole field range up to about 1×105 V/cm, where they saturate just
above the unstrained-Si saturation velocity 1×107 cm/s.

The calculated low-field (1 kV/cm) drift mobility data agree very well (over
the whole calculated temperature range) with the highest Hall mobilities mea-
sured by [62, 63] on thin (15-20 nm) modulation-doped Si channels on relaxed-
Si1−xGex (x = 25-30%) buffers. These results demonstrate significant im-
provements of the in-plane electron drift velocity in strained-Si on Si1−xGex

compared to bulk-Si in the low-field and in the high-field region both at 300
K and 77 K (see Fig. 4.11). This advantage should contribute consider-
ably to the high-performance potential of devices based on modulation-doped
Si/SiGe heterostructures like n-channel quantum-well MODFETs and MOS-
FETs. The experimental peak electron mobility enhancements as a function
of Ge mole fraction in the virtual substrate is shown in Fig. 4.12.

4.1.3 Hole Mobility

For a long time, p-type Si devices have lagged behind n-type devices, both
with respect to their performance characteristics as well as their understand-
ing. Currently, strained p-MOSFETs are in the key focus in advanced logic
technologies. A detailed modeling of p-type Si devices has been hampered
by the highly complex band structure and scattering mechanisms that govern
the dynamics of holes. For unstrained-Si at room temperature, holes occupy
the top two bands: the heavy and light hole bands. With the application of
strain, the hole effective mass becomes highly anisotropic due to band warping,
and the energy levels become mixtures of the pure heavy, light, and split-off
bands. Thus, the light and heavy hole bands lose their meaning, and holes
increasingly occupy the top band at higher strain due to the energy splitting
[60]. The band warping is also responsible for the fact that different types
of strain (namely, the biaxial tensile and uniaxial compressive stress) behave
differently.

For holes, the valence-band structure of Si is more complex than the conduc-
tion band. It is this complex band structure as well as valence band warping
under strain that results in a much larger hole than electron mobility enhance-
ment. The advances in strained-Si/SiGe technology have completely changed
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FIGURE 4.12
Measured electron mobility enhancement in strained-Si MOSFETs. After K.
Rim et al., IEEE VLSI Tech. Symp. Dig., 2002(98-99). With permission.

this situation. Theory now predicts that the characteristics of hole-type SiGe
devices can match that of the electrons - an important step for continuing
the miniaturization of CMOS devices. However, the understanding of hole
mobility enhancement in strained-Si is more difficult due to the complex va-
lence band structure of Si. Oberhuber et al. [64] have reported the theoretical
prediction of the hole mobility enhancement in strained-Si using k-p formal-
ism. The experimental peak hole mobility enhancements as a function of Ge
mole fraction in the virtual substrate is shown in Fig. 4.13. Hole mobility
enhancement decreases with increasing vertical field.

Nakatsuji et al. [65] have computed the quantum confinement of two-
dimensional (2D) hole gas in inversion layer of strained-Si p-MOSFETs di-
rectly from a pseudopotential band structure [66]. The authors presented
a detailed analysis of the main features of hole subband structure, i.e., the
splitting energy and the effective mass, which are significantly affected by the
strain. The basis of their study was the nonlocal empirical pseudopotential
calculations with spin-orbit interactions for unstrained and strained-Si based
on the work of Rieger and Vogl [67].

Fig. 4.14 shows the measured (symbols) and the calculated (lines) effective
mass for inversion layer holes in unstrained and strained-Si MOSFETs as a
function of sheet hole density. The classical cyclotron effective mass data is
also shown. A good agreement is obtained as shown in Fig. 4.14. The energy
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FIGURE 4.13
Measured hole mobility enhancement in strained-Si MOSFETs. After K.

Rim et al., IEEE VLSI Tech. Symp. Dig., 2002(98-99). With permission.

FIGURE 4.14
Measured (symbols) and calculated (lines) effective mass for inversion layer

holes in unstrained and strained-Si as a function of sheet hole density. After
H. Nakatsuji et al., IEEE IEDM Tech. Dig., 2002(727-730). With permission.
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FIGURE 4.15
Calculated hole mobility in unstrained-Si p-MOSFET as a function of the

effective electric field. After H. Nakatsuji et al., IEEE IEDM Tech. Dig.,
2002(727-730). With permission.

range considered for hole is very low (< 10 meV), and the effective masses
for holes in unstrained and strained-Si are almost the same. However, the
density of states mass in high energy regime (> 26 meV at 300 K) is reduced
by the strain. On the other hand, the effective mass in the lowest subband
increases with surface electric field and thus the mobility enhancement in high
field region is smaller than that in the low-field region.

In order to model the surface roughness (SR), Pirovano’s [68] model is em-
ployed, and the screening of the SR potential was evaluated using the screen-
ing parameter given by Fetter [69]. The physical parameters were adjusted
to yield the experimental universal mobility [70] at 300 K and 77 K. A good
agreement was obtained as is shown in Fig. 4.15, which confirms the validity
of the scattering models.

In Fig. 4.16, a theoretical prediction for the mobility enhancement in
strained-Si is shown. In the simulation, no scattering parameters except for
the band structure change due to the presence of strain was included. A
mobility enhancement was observed in strained-Si only for Ge concentration
larger than 20%. Fig. 4.17 shows the transient velocity overshoot of 2D holes
in strained-Si p-MOSFETs. The larger overshoot was observed in strained-Si
because of the suppressed interband scattering.

4.1.4 Field Dependence

The transverse field dependence of MOS device parameters has assumed a
greater importance because the thinner gate dielectrics and higher doping
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FIGURE 4.16
Calculated hole mobility in strained-Si grown on a relaxed-Si1−xGex substrate
at 300 K. The scattering rate parameters used are the calibrated ones for
unstrained-Si. After H. Nakatsuji et al., IEEE IEDM Tech. Dig., 2002(727-
730). With permission.

FIGURE 4.17
Transient velocity overshoot with a sudden application of a 100 kV/cm field

parallel to the <100> and <10> directions at 300 K for unstrained-Si and
strained-Si on a relaxed-Si0.7Ge0.3 substrate. After H. Nakatsuji et al., IEEE
IEDM Tech. Dig., 2002(727-730). With permission.
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FIGURE 4.18
Experimental and theoretical enhancement factors of electron and hole mo-

bility, defined by the ratio of mobility in strained-Si to that in unstrained-Si
MOSFETs, as a function of mobility. Since the enhancement factor of hole
mobility is dependent on Eeff , the maximum values, typically seen in low
Eeff region, are plotted in this figure. After S.-I. Takagi, ULIS 2004 Lecture
Materials.

levels used in submicron MOSFETs lead to very high transverse electric fields
well above 0.5 MV/cm. It is well known that such high fields cause a degra-
dation in device performance. The variation of the effective mobility with
electric field is often used as a basis of comparison of MOS devices developed
and for computer aided design. In order to investigate the carrier mobility
enhancement in the strained-Si MOSFETs, the effective mobility as a func-
tion of effective vertical electric field was calculated for several devices. In the
following, we examine the electron and hole mobility enhancement at high
vertical field in strained-Si.

Fig. 4.18 summarizes the reported experimental and enhancement factors
as a function of Ge content of electron and hole mobility, defined by the ratio
of mobility in strained-Si to that in unstrained-Si MOSFETs. Here, since
the enhancement factor of hole mobility is dependent on Eeff , as described
below, the maximum values, typically seen in low Eeff region, are plotted
in this figure. The increased mobility results in an increase in channel drive
current for a given device design, leading to improved performance. The
difference lies in the amount of germanium that is required. SiGe layers with
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FIGURE 4.19
Typical Eeff dependence of electron and hole mobility of strained-Si MOS-

FETs. After S.-I. Takagi, ULIS 2004 Lecture Materials.

Ge concentrations of ∼ 25-30% increase channel drive current up to 35% for
n-channel devices, but do little to boost p-channel performance. The hole
mobility is only improved if the Ge concentration is increased to 40%. In
part, this is because the Ge is not electrically active in n-channel strained-Si
devices, but it can be in p-channel. The problem with higher levels of Ge is
that it requires more complicated buffer layer structure to reduce defects.

Fig. 4.19 shows the typical Eeff dependence of electron and hole mobility
[22]. The enhancement factor for electrons is known to be almost constant,
irrespective of Eeff [29, 71]. The electron mobility enhancement in the mod-
erate Eeff region can be explained well by the decrease in phonon scattering
[72], as seen in agreement with theoretical results in Fig. 4.18. On the other
hand, the origin of the enhancement in high Eeff region, where surface rough-
ness scattering dominates, is still unclear [71], though there exists a model that
roughness can be reduced in strained-Si [73]. In contrast, the enhancement
factor for hole mobility decreases with an increase in Eeff . A possible expla-
nation on this phenomenon is that the increase in the subband energy due to
the quantum confinement can compensate the subband splitting energy be-
tween the light hole and heavy hole band, leading to smaller subband energy
difference in higher Eeff [22, 74, 75]. While the recent theoretical calculations
[28] seem to be almost consistent with this interpretation, further quantitative
examination is needed.

It is experimentally and theoretically confirmed that mobility of roughly
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FIGURE 4.20
Effective electron mobility vs. vertical effective electric field, Eeff , for various
channel doping concentrations for unstrained- and strained-Si n-MOSFETs.
After H. M. Nayfeh et al., IEEE Electron Dev. Lett., Vol. 24, 2003(248-250).
With permission.

twice as high as in conventional MOSFETs can be obtained for strained-Si
n- and p-MOSFETs. As for n-MOSFETs, the experimental results are in
fairly good agreement with the theoretical calculation [71, 72]. On the other
hand, the experimental results in p-MOSFETs are smaller than the theoretical
predictions [64, 65] and Ge contents higher than in the theories are needed
to obtain the same amount of the enhancement. This discrepancy in the hole
mobility enhancement between the experiments and the theories demands
further studies on transport properties of holes in strained-Si.

4.1.5 Doping Dependence

The strain dependence of electron inversion layer mobility has been measured
in n-MOSFETs fabricated on a strained-Si/relaxed-Si1−xGex heterostructure
[20, 76]. For a Ge content of 20% in the underlying relaxed-Si1−xGex, the elec-
tron mobility of the strained-Si is enhanced by roughly 75%. Inversion layer
mobility measurements in strained-Si n-MOSFETs fabricated using a typical
MOSFET process including high temperature steps and with various chan-
nel doping concentrations, achieved by boron ion implantation, are compared
with coprocessed bulk-Si n-MOSFETs.

Short-channel effects in a MOSFET are usually controlled by increasing the
channel doping concentration, thus suppressing the spread of source and drain
depletion layers. Therefore, as the channel length is scaled down to 0.1 μm
and below, the doping concentration must be raised to values around 1×1018
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cm−3. As the strained-Si shows a mobility enhancement in the range of 1.7-
2× in relatively lightly doped channels [19, 77], it is important to study the
dependence of electron mobility on channel doping. Also, such high impurity
concentrations lead to an increase in threshold voltage and to a severe decrease
in electron mobility, which strongly degrades the electrical properties of the
device [78].

Researchers from MIT [79] have studied the inversion layer mobility mea-
surements in strained-Si n-MOSFETs fabricated using a typical MOSFET
process, including high temperature steps and with various channel doping
concentrations, achieved by boron ion implantation, and have compared with
coprocessed bulk-Si n-MOSFETs. It is found that a near-universal mobility
relationship with vertical effective electric field, Eeff , exists for strained-Si
and bulk-Si n-MOSFETs for all channel implant doses in their study. Signif-
icant mobility enhancement for Eeff up to 2 MV/cm (1.5-1.7×) is obtained
for channel doping concentrations ranging from 1017-6×1018 cm−3.

For low field, the mobility for strained-Si devices decreases toward the
unstrained-Si data due to Coulomb scattering by channel dopants. At low
inversion layer charge, and high doping where Coulomb scattering is impor-
tant, the mobility enhancement for the strained-Si devices is reduced. This
is likely due to Coulomb scattering by channel dopants, agreeing with theo-
retical predictions that the enhancement of strained-Si electron mobility over
unstrained-Si is reduced when Coulomb scattering is the dominant carrier
scattering mechanism [80].

Fig. 4.20 shows that at high inversion layer charge, the strained-Si mo-
bility data plotted vs. effective electric field display a universal behavior
independent of doping with enhancement of 1.5-1.7× over unstrained-Si. The
unstrained-Si data also show universal behavior and agree closely with re-
ported data [70]. For strained and unstrained devices at high Eeff , where
phonon and surface-roughness are the dominant scattering mechanisms for
electron transport, mobility was calculated by fitting the analytical universal
mobility expressions using Matthiessen’s rule with channel doping concentra-
tions 3.9×1017 cm−3 and 5.5×1017 cm−3. Good agreement of calculated and
measured data for both cases has been found. The fitting parameters used for
unstrained Si closely follow those published by Liang et al. [81]. The ratio is
1.75, equal to the observed mobility enhancement.

4.2 Carrier Lifetime

Carrier generation lifetime (tg) is an important material parameter and is used
to characterize epi layers. Carrier generation lifetime (tg) in strained-Si/SiGe
has been investigated using capacitance transient method in MOS structure.
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FIGURE 4.21
Schematic cross-section of the MOS test structure on strained-Si/SiGe and

associated energy band line-up under a negative gate bias. After L. K. Bera
et al., Appl. Surf. Sci., Vol. 224, 2004(278-282). With permission.

FIGURE 4.22
Quasistatic C-V characteristics of MOS capacitors on strained-Si and bulk-Si
wafers. After L. K. Bera et al., Appl. Surf. Sci., Vol. 224, 2004(278-282).
With permission.
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FIGURE 4.23
Normalized capacitance (C/Cox) vs. time characteristics of strained-Si/SiGe
and bulk-Si samples. All open circle data correspond to strained Si of different
thickness. After L. K. Bera et al., Appl. Surf. Sci., Vol. 224, 2004(278-282).
With permission.

FIGURE 4.24
Cox/Cmeasured vs. time characteristics of strained-Si/SiGe and bulk-Si sam-
ples. All open circle data correspond to strained-Si of different thickness.
After L. K. Bera et al., Appl. Surf. Sci., Vol. 224, 2004(278-282). With
permission.
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FIGURE 4.25
Zerbst plot from transient capacitance data of (80 Å) strained-Si/SiGe sam-

ple. After L. K. Bera et al., Appl. Surf. Sci., Vol. 224, 2004(278-282). With
permission.

Generation lifetime in strained-Si and SiGe buffer layer is estimated from the
segments of Zerbst plot having different slopes. Fig. 4.21 shows the schematic
cross-section of the MOS test structure and the associated band lineup under
a negative gate bias. Fig. 4.22 shows the quasistatic C-V characteristics of
MOS capacitors grown on different strained-Si and control-Si wafers. The
oxide thickness (57 Å) was estimated from the accumulation capacitance.
The C-T measurements are performed using HP-4284A LCR meter. The
MOS structure is first biased to accumulation by applying a voltage of > 6
V. At time t = 0, it is set to deep depletion by fast switching to 6 V. At this
moment, the capacitance reaches the lowest value. It takes a while to form the
inversion layer by carrier generation. The time for reaching the equilibrium
inversion capacitance is therefore proportional to the generation lifetime.

Fig. 4.23 shows the transient response of different strained-Si and bulk-Si
samples normalized to the inversion capacitance at time t = 0. An initial de-
crease in capacitance on the transient characteristics appeared in all strained-
Si samples and is in contrast to the bulk-Si capacitors. This can be explained
using the band diagram of the capacitor on strained-Si/SiGe after the appli-
cation of negative voltage (deep depletion condition) to the gate terminal as
shown in Fig. 4.21. During generation of electron-hole pair in the strained-Si
layer, a fraction of electrons will be confined at the strained-Si/relaxed-SiGe
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interface due the large conduction band offset. However, the generated holes
drift to the inversion layer at SiO2/strained-Si interface. A fraction of the
holes generated in the SiGe layer will be stored up in strained-Si/SiGe inter-
face due to the valence band offset. If one assumes a net positive charge as a
result of the above charge generations in the semiconductor region, it amounts
to the placement of negative image charges on the gate electrode which in-
creases the depletion width. Thus the measured capacitance decreases initially
until the inversion charge in the SiO2/strained-Si interface dominate over the
charges in the potential wells as shown in Fig. 4.23. The extent of the ca-
pacitance excursion would depend upon the carrier generation dynamics in
a complex system containing different epi layers, interfaces, and associated
defects.

Fig. 4.24 shows the Cox/Cmeasured vs. time plot to investigate the non-
linear characteristics of capacitance transient response. Note that all the
samples show different segments having different slopes. Based on the deple-
tion width, calculated from the capacitance transient response, two sections
are chosen from each curve to calculate the lifetime. The initial steep slopes
(segment-A in Fig. 4.24) are attributed to the fast generation rate in SiGe
layer. Segment-B shows the flattening characteristics, which indicates a slow
generation rate in strained-Si layer. Typical Zerbst plot of strained-Si (80 Å)
MOS capacitor is shown in Fig. 4.25. The slope of the Zerbst plot from the
strained-Si segment is lower compared to the SiGe segment. This clearly indi-
cates higher generation lifetime for strained-Si compared to the SiGe layer, as
expected. Generation lifetime calculated from the slope in SiGe layer ranges
from 20 to 90 ms. The generation lifetime in strained-Si and coprocessed bulk-
Si is 120-170 ms and 177 ms, respectively. Comparable values of lifetime in
both strained-Si and coprocessed bulk-Si indicate that the “electrical” quality
of strained-Si film is approaching that of the bulk. The smaller bandgap of
strained-Si can also contribute to lower carrier lifetime compared to bulk-Si.

4.3 Mobility: Thickness Dependence

In the following, we discuss the effects of strained-Si layer thickness on mo-
bility with silicon thicknesses below and above the critical thickness. The
strained-Si critical thickness (tcrit) is defined as the maximum strained-Si
film thickness for which a dislocation-free silicon film is thermodynamically
stable [82]. Fiorenza et al. [83] have demonstrated that exceeding the critical
thickness does indeed have a deleterious effect on the MOSFET behavior, al-
though the mobility enhancement is not greatly affected by exceeding the crit-
ical thickness (see Fig. 4.26). However, MOSFETs fabricated on strained-Si
films greater than the critical thickness show an increased level of off-current.
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FIGURE 4.26
Electron mobility of a bulk-Si MOSFET and of strained-Si MOSFETs with

different strained silicon thickness. The strained-Si MOSFETs show enhanced
mobility even with silicon films significantly greater than the strained-Si crit-
ical thickness. After J. G. Fiorenza et al., Semicond. Sci. Technol., Vol. 19,
2004(L4-L8).

The effects of misfit dislocations at the silicon/SiGe interface were stud-
ied by comparing the characteristics of n-MOSFETs fabricated on the four
different wafers with the same graded-SiGe buffer construction but with four
different strained-Si thicknesses and the bulk-Si control wafer. The substrates
were grown by LPCVD on p-type Si wafers. The SiGe graded layer was grown
at a grading rate of 10% Ge μm−1 to a final Ge content of 20%, yielding a
2 μm-thick graded layer. The graded layer was capped with a 2 μm uniform
20% SiGe layer. The SiGe buffer layer growth temperature was 1000oC. After
removal of the cross-hatch using chemical mechanical polishing, an additional
1.5 μm layer of uniform 20% SiGe was grown and then the strained-Si layer
was grown. The strained-Si layer growth temperature was 650oC. The four
different strained-Si thicknesses were 12.5 nm, 14.5 nm, 20 nm and 100 nm.
n-MOSFETs with gate lengths between 0.5 μm and 200 μm were fabricated on
these four substrates and on a bulk-Si Control wafer. The fabrication process
used a single mask level and featured n-type doped polysilicon gates, 5-nm
thick thermally grown SiO2 gate oxide, SiO2 spacers, and titanium salicide
source gate/drain metallization. The significant components of the device fab-
rication thermal budget were the gate oxide growth (800oC, 45 min), dopant
activation (1000oC, 1 s), silicide formation anneal (675oC, 5 min) and sinter
(450oC, 30 min).

Low-field electron mobility was extracted from large-area transistors (L =
250 μm and W = 3 μm) on each of the four strained-Si substrates and the



152 Strained-Si Heterostructure Field Effect Devices

silicon control wafer using the split C-V technique. The low-field mobility
was enhanced by a factor of about 1.8 relative to the control bulk-Si wafer.
This is somewhat unexpected, as the thicker films are partially relaxed due
to the introduction of misfit dislocation and, therefore, is expected to exhibit
less electron mobility enhancement. Thus, strain and mobility enhancement
are largely maintained even for silicon film thicknesses far greater than tcrit.
However, the motivation for maintaining strained-Si film thicknesses below
tcrit is not just to avoid the loss of strain and the loss of mobility enhancement,
but that of high leakage current [83].

In general, mobility enhancement in strained-Si is observed due both to
the decrease in effective mass, and the intervalley scattering of electrons or
interband scattering of holes. Several workers have also reported a reduction
in the carrier mobility in strained-Si [22, 84]. The strain in the silicon layer
causes the six-fold degenerate valleys of the silicon conduction band minimum
to split into two groups: two lowered valleys with the longitudinal effective
mass axis perpendicular to the interface, and four raised valleys with the
longitudinal mass axis parallel to the interface. The combination of a lighter
effective mass and reduced intervalley scattering gives rise to higher electron
mobility [85], and also electron velocity overshoot [58].

Recent studies have shown the feasibility of growth of high-quality strained-
Si layers on SiGe-on-insulator where a high-quality crystalline relaxed-SiGe
layer is deposited with a thickness of less than 10-nm on SiO2 substrates by
separation-by-implanted-oxygen (SIMOX) techniques or by solid phase epi-
taxy (SPE). Using strained-Si layers on SiGe-on-insulator (SiGe-OI) struc-
tures and growing a thin strained-Si layer on the relaxed SiGe-OI substrate,
both n- and p-channel strained-Si/SiGe-OI MOSFETs have been fabricated.

The strained-Si/SiGe-OI structures combine the advantages of strained-
Si/SiGe-bulk MOSFETs and those of ultrathin fully-depleted SOI MOSFETs.
In Si/SiGe-OI structures, advantages of SOI and strain are combined with the
use of an insulating substrate: the resulting structure provides good control
of short-channel effects, lower parasitic capacitance, and higher radiation tol-
erance, as well as mobility values that are much higher than those found in
conventional SOI MOSFETs. Both the electron and hole mobilities at low
electric field are found to decrease in thinner strained-Si structures, and re-
duction of hole mobility enhancement has also been reported at high electric
field [8]. A small reduction in the electron mobility with thin strained-Si layers
is attributable to the quantum mechanical confinement effect of the inversion
layer electrons, originating in the conduction band offset of the strained-Si
layers.

The hole mobility at a low field depends on the strained-Si thickness. The
diffusion of Ge atoms into the SiO2/strained-Si interface is also found to
generate interface states near the valence band edge, leading to the reduc-
tion in hole mobility in the lower Eeff region through Coulomb scattering.
Moreover, the decrease in hole mobility enhancement in both thin and thick
strained-Si structures at the higher electric field is caused by the reduction
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FIGURE 4.27
Comparison of the mobility calculated from spatial distribution of carriers

with recent experimental results. Source: MIT Annual Report 2002.

FIGURE 4.28
Typical strained-Si MOSFET structure on SiGe-OI substrate. Si layer thick-
ness TSi, SiGe-layer thickness TSiGe, gate oxide thickness tox 55 nm, buried
oxide thickness Tbox 580 nm. After F. Gamiz et al., Appl. Phys. Lett., Vol.
80, 2002(4160-4162). With permission.
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FIGURE 4.29
Electron mobility curves vs. the transverse effective field for the simulated

device of Fig. 4.28 at room temperature for different values of TSi (Tw = TSi

+ TSiGe = 10 nm, x = 0.3). After F. Gamiz et al., Appl. Phys. Lett., Vol.
80, 2002(4160-4162). With permission.

of the energy splitting between the heavy and the light hole bands, with an
increase in the electric field. In order to realize high performance strained-Si
CMOS in the sub-100 nm region, the total thickness of the strained-Si and the
relaxed-SiGe layers must be thin enough to suppress the short-channel effects
without increasing the channel dopant impurity concentration. Therefore, it
is important to understand the mechanisms responsible for the reduction in
the carrier mobility in strained-Si and formulation of device design guidelines
for strained-Si CMOS, involving the Ge content of the SiGe layers and the
strained-Si thickness.

Nevertheless, to gain these advantages, also to provide a low off-state leak-
age current, to allow operation at low voltages, and to avoid the floating body
effect, the Si/SiGe structure sandwiched between the two oxides must be thin
enough (Tw = TSi + TSiGe ≤ 30 nm) where TSi and TSiGe are the thick-
nesses of the strained-Si layer and of the relaxed-SiGe layer, respectively. On
the other hand, in order to maintain the strain, the silicon layer must be
sufficiently thinner than the SiGe layer. Therefore, taking into account both
conditions, (Tw ≤ 30 nm and TSi ≤ TSiGe), the strained-Si layer thickness
has to be reduced to a very low value (TSi ≤ 10 nm) and it shows the exis-
tence of a lower limit to the TSi that may be used in ultrathin Si/SiGe-OI
MOSFETs, if one wants to keep a high mobility value.

In order to suppress short-channel effects, strained-Si film thickness should
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FIGURE 4.30
Comparison of measured strained-Si n-MOSFET mobility. Symbols and solid
lines represent the experimental data and the best fit model, respectively.
Source: MIT 2001 Annual Report.

be scaled down along with shrinking the gate length (e.g., 3-nm thick for 10-
nm gate length). It has been shown both theoretically and experimentally
that the mobility is degraded for films thinner than 10 nm. To consider this
degradation in device simulation and optimization, researchers from MIT have
developed a method to calculate the mobility in ultrathin SOI films based on
the spatial distribution of the carriers. Self-consistent Schrodinger-Poisson
simulations are used to obtain carrier distribution in the film. Experimental
universal mobility is then used to correlate this spatial distribution with the
mobility. As shown in Fig. 4.27, results of these calculations are in good
agreement with recent experimental data.

Gamiz et al. [86] have shown by Monte Carlo (MC) simulation that electron
mobility is greater when strained-Si inversion layers are grown on SiGe-on-
insulator and is strongly dependent on the strained-Si layer thickness, TSi.
This is due to an increase of the phonon scattering rate that occurs as the
silicon layer thickness is reduced as consequence of the greater confinement of
the carriers due to the discontinuity of the conduction band at the Si/SiGe
interface (see Fig. 4.28), which, however, partially counteracts the increase
in the mobility achieved by the strain. This effect is less important as the
Ge mole fraction, x, is reduced, and as the value of TSi increases. This effect
is less important as the germanium mole fraction, x, is reduced, and as the
value of TSi increases. For TSi ≥ 20 nm, mobility does not depend on TSi,
and the maximum values of the mobility are obtained. In strained-Si/SiGe-
OI structures both high electron and hole mobilities with a germanium mole
fraction as low as 0.1 have been observed. From Fig. 4.29, the following
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FIGURE 4.31
Extracted surface roughness limited mobility for strained- and unstrained-Si
devices. For strained-Si, the fit to the data is down with various values of
the parameter, r, which is the power dependence of this mobility term on the
vertical effective field (r = 2.6±0.2 gives the best fit to the data). Source:
MIT Annual Report 2001.

observations are made:

(a) in case of the strained case, there is an increase in the electron mobility
compared to the unstrained case, as has been experimentally observed, due to
the combination of a lighter conduction effective mass and smaller intervalley
scattering rate,

(b) the mobility curves corresponding to strained-Si/SiGeOI MOSFETs
are slightly lower than those corresponding to strained-Si/SiGeOI bulk MOS-
FETs, especially at low transverse effective fields as shown in Fig. 4.29. This
is due to the greater phonon-scattering rate in the SiGe-OI case, arising from
the greater confinement of the carriers. An increase in the energy difference
between the subbands, which causes the reduction in the intervalley scattering
rate and a decrease in the conduction effective mass contribute to an increase
in the electron mobility, and

(c) the electron mobility in the strained-Si/SiGe-OI MOSFETs strongly
depends on the TSi value; the mobility curve corresponding to TSi = 5 nm
is much higher than that corresponding to TSi = 2.5 nm. This phenomenon
is not exclusive of the Si/SiGe-OI structures, but it also appears in bulk-
Si/SiGe structures. The reason for this is the increase in the phonon-scattering
rate. The discontinuity in the conduction band minimum just at the Si/SiGe
interface means the electrons are more closely confined near the interface.
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FIGURE 4.32
Electron mobility characteristics of thick (circles) and thin (squares) strained-
Si structures at various temperatures. The solid lines show the control-SOI
data. The electron mobility of the thin (3 nm) strained-Si structures is de-
graded in the low-field region at room temperature compared to thick (21 nm)
structures. However, this degradation disappears at low temperatures (50 K).
After T. Mizuno et al., IEEE Trans. Electron Dev., Vol. 51, 2004(1114-1121).
With permission.

4.4 Mobility: Temperature Dependence

One method of understanding the mechanism of mobility enhancement is to
study the vertical effective field dependence of the mobility as a function of
temperature. For high vertical fields (> 1 MV/cm), it is anticipated that sur-
face roughness scattering will dominate transport. The impact of strain on
surface roughness scattering is not clearly understood yet. Lowering the mea-
surement temperature reduces the phonon component of scattering, and thus
enables one to observe the remaining mobility terms, which include Coulomb
and surface roughness scattering, in strained- and unstrained-Si devices.

Measurements and extraction of the mobility as a function of temperature
from strained-Si n-MOSFETs (20% Ge) and unstrained-Si control wafers with
similar doping profiles are shown in Fig. 4.30. The surface roughness mobility
term dominates the mobility at low temperatures (e.g., 30 K) and at room
temperature at high vertical effective fields. The surface roughness mobil-
ity term appears to be enhanced by almost a factor of three, at a vertical
effective field of 1.4 MV/cm. The results suggest that surface-specific mecha-
nisms (see Fig. 4.31) may be involved in the strain-induced electron mobility
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FIGURE 4.33
Hole mobility characteristics of 21-nm (closed circles) and 3-nm (open circles)
thick strained-Si structures at various temperatures. The solid lines show the
data of control-SOIs. The hole mobility of the thin strained-Si structures is
degraded at both the room- and low-temperature (125 K) conditions. More-
over, the hole mobility enhancement decreases with increasing electric field.
However, this degradation at high field becomes smaller at low temperatures.
After T. Mizuno et al., IEEE Trans Electron Dev., Vol. 51, 2004(1114-1121).
With permission.

enhancement.
In order to evaluate the scattering mechanism for inversion-layer mobility,

electron mobility properties of thin and thick strained-Si structures have been
studied at various temperatures [75]. Fig. 4.32 shows the electron mobility
behaviors of control-SOIs (solid line), and thin (squares) and thick strained-
SOIs (circles) at room (300 K) and low temperatures (50 K), as a function
of Eeff . The decrease in electron mobility in the thinner strained-Si layer is
observed under room temperature conditions and low Eeff , while the electron
mobility enhancement is still observed in high even at room temperature.
However, this mobility reduction low disappears at 50 K.

Fig. 4.33 shows the hole mobility characteristics in control- (solid line)
and strained-SOIs with thick (circles) and thin (squares) strained-Si layers
at 300 and 125 K. One of the hole mobility characteristics in strained-SOI
p-MOSFETs is that the hole mobility enhancement factor decreases with in-
creasing Eeff at both temperatures. One possible reason of this decrease in
the hole mobility enhancement at higher Eeff , is the decrease or the disap-
pearance of the energy splitting between the light hole and the heavy hole
bands associated with an increase in Eeff , because the effective mass of the
heavy hole bands is heavier than that of the light holes.
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4.5 Diffusion in Strained-Si

Stress effects on dopant diffusion/activation become more important as tran-
sistor dimensions are scaled into the nanoscale regime. Stresses exist in de-
vices due to various process steps like STI or silicidation. Further, high levels
of stress are being induced purposefully to enhance carrier mobility. Con-
sequently, these result in asymmetric nonhydrostatic stress states in silicon.
A detailed understanding of the expected complex interaction of stress on
dopant diffusion and activation is lacking. Density functional theory (DFT)
based calculations are used to predict stress effects on the formation and mi-
gration of point defects and dopant/defect.

Strained-Si on a relaxed-SiGe buffer layer on (001) Si is typically grown at
low temperatures. To be fully incorporated into conventional Si technology,
however, these layers have to withstand further processing, i.e., annealing
and ion implantation. It has been demonstrated that strained-Si relaxes via
misfit and threading dislocation propagation and Ge interdiffusion [87, 88,
89] after high-temperature post annealing. To fully understand the stability
of these layers, the influence of ion implantation and subsequent activation
annealing must be determined. Ion implantation can create point defects,
which can serve as nucleation sites for relaxation-induced defects or aid in the
interdiffusion of Ge; thus, relaxation can be accelerated.

In the near future, strain engineering will be extensively used to enhance
CMOS device performance. The extent to which strain engineering can be
successfully combined with conventional ion implantation doping of ultrashal-
low source-drain regions will depend on the effects of strain on dopant diffusion
and activation at high dopant concentrations. Experiments on the thermal
equilibrium diffusion of dopants incorporated epitaxially at low concentra-
tions into strained-Si layers have shown significant strain effects, arising from
changes in the formation energies of diffusion for the mobile diffusing species.

In order to accurately predict the dopant profiles after thermal annealing,
it is important to understand the dopant diffusion in strained-Si. An under-
standing of n-type dopant diffusion in strained-Si and SiGe, specifically the
formation of the source/drain regions in the nMOS and the n-body region in
the pMOS, is essential for the success of strained-Si technology. Strained-Si
and SiGe is usually grown on Si substrates and depending on Ge concentration
and layer thickness, the layers can be strained or relaxed. Various dopants re-
act differently to the amount and type (compressive/tensile) of strain present
in the SiGe layer. In the past, studies have been performed on Sb and B
diffusion in relaxed-SiGe and also on their diffusion behavior under different
types of strain [90, 91]. Arsenic diffusion in relaxed-SiGe has been studied in
the past using the radiotracer method [92] as well as ion implantation [93].

It has been shown that tensile strain enhances the stability of the As-
interstitial defects mediating diffusion, band of the extended interstitial de-
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fects driving transient enhanced diffusion, which leads to a complex strain-
dependent diffusion behavior. In addition, n-type dopant in SiGe technology is
expected to be important for the development of other devices such as thermo-
electric generators, novel MOSFET structures that utilize SiGe source/drain
contacts, and also SiGe HBT technology.

Eguchi et al. [94] compared the diffusivity of ion implanted As and Phos-
phorus (P) in SiGe and Si under equilibrium conditions. Fig. 4.34 shows
the structure of the samples. Sample wafers were ion implanted As (30 keV,
4×1014) or P (30 keV, 8×1014). The samples were then furnace annealed at
from 950oC to 1050oC for 30 minutes in an Ar ambient. The oxide layers
were stripped and samples were analyzed by Secondary Ion Mass Spectrome-
try (SIMS). The SIMS data was compared with TSURPREM-4 simulations.
For comparison, Si control pieces were processed and analyzed at the same
time as the SiGe samples.

Fig. 4.35 shows the comparison of As and P effective diffusivity in the
temperature range from 950oC to 1050oC under equilibrium conditions. The
diffusivities of n-type dopant are observed to be enhanced in SiGe compared
to Si, in contrast to the diffusion of B, which is known to be retarded in SiGe
relative to B diffusion in Si. The expression for the concentration-dependent
diffusivity of P in Si must be multiplied by a factor of roughly two, in order to
match the P in SiGe profile. And the effective arsenic diffusivity enhancement
factor is roughly 7 for diffusion in SiGe compared to diffusion in Si. The
absolute value of As effective diffusivity is still 3 times lower than that of
phosphorus. These results suggest that As is the better choice for shallow
source/drain than P.

As diffusion behavior under transient diffusion conditions has also been
studied. Fig. 4.36 shows the comparison of As profiles in Si and SiGe after
the short-time annealing (1000oC 1, 20, 60 sec). Fig. 4.37 shows the time
dependence of As effective diffusivities in Si and SiGe. TRD (Transient Re-
tarded Diffusion) is observed for As diffusion in SiGe, while TED (Transient
Enhanced Diffusion) is observed at As diffusion in Si. This TRD shows the
possibility of forming As ion implanted source/drains in SiGe as shallow as
those in Si by optimizing the annealing conditions.

4.6 Process-induced Strained-Si

Longitudinal uniaxial compressive stress is observed to cause much larger hole
mobility enhancement at low and moderate stress on p-MOSFETs compared
to biaxial tensile strain. In this section, we explain why the uniaxial hole
mobility enhancement is present at high vertical electric field. Mobility en-
hancement in the case of uniaxial strain has been investigated by Thompson
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FIGURE 4.34
Structure of SiGe samples. Source: MIT Annual Report 2001.

FIGURE 4.35
Comparison of As and P effective diffusivities in Si and SiGe under equilib-

rium conditions. Source: MIT Annual Report 2001.
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FIGURE 4.36
Comparison of As profiles in Si and SiGe under transient diffusion conditions.
Source: MIT Annual Report 2001.

FIGURE 4.37
Time dependence of As effective diffusivities in Si and SiGe under transient

diffusion. Source: MIT Annual Report 2001.
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et al. [11]. Uniaxial process-induced strain is generally applied either paral-
lel (longitudinal) or perpendicular (transverse) to the direction of MOSFET
current flow. In the case of process-induced strain, such as in a CMOS logic
technology, small strain is desirable since low strain creates less defects and
requires minimum variation in the process technology. This also helps in keep-
ing lower thermal cycles which help in avoiding the strain relaxation. It is
known that in small strain case, the piezoresistance varies linearly with strain
(typically with 1% nonlinearity at 250 MPa) [95] and the piezoresistance co-
efficients can be used as a guide as to which strain maximizes the mobility
enhancement.

Using the piezoresistance coefficients one can quantify the strained-Si mo-
bility enhancement. In the case of conventional Si wafers with (001) surface
and wafer notch on the [110] axis, for uniaxial process-induced strain applied
either in parallel (longitudinal) or perpendicular (transverse) to the direction
of MOSFET current flow, aligned to the <100> axes, the mobility can be
expressed as follows [11]:

Δμ

μ
≈| π‖σ‖ + π⊥σ⊥ | (4.16)

where the subscripts ‖ and ⊥ refer to the directions parallel and trans-
verse to the current flow in the plane of the MOSFET, Δμ/μ is the fractional
change in mobility, σ‖ and σ⊥ are the longitudinal and transverse stresses,
and π‖ and π⊥ are the piezoresistance coefficients expressed in Pa−1. π‖ and
π⊥ can be expressed in terms of the three fundamental cubic piezoresistance
coefficients π11, π12, and π44. The longitudinal and transverse piezoresistance
coefficients, first measured by Smith [96], are given in Table 4.1. The piezore-
sistance coefficients should take into account the two-dimensional (2D) nature
of transport in MOSFETs and depend on temperature and doping [97]. How-
ever, for simplicity, Thompson et al. [11] have computed the π‖ and π⊥ using
only the bulk coefficients neglecting these effects. The calculated values are
shown in Table 4.1. It has been reported that the bulk coefficients quanti-
tatively match the strained-Si experimental data and are consistent with the
work reported by Steegen et al. [98].

From Table 4.1, the large positive value of π‖ for p-MOSFETs with <110>
channel orientation shows significantly less strain is needed for enhanced hole
mobility when introduced with longitudinal compression vs. in-plane biaxial
strain. This is quantified by evaluating Eqn. 4.16 and using

Eo =
stress

strain
=

σ‖
Δl
l

(4.17)

where Eo is the Young’s modulus, and (Δl/l) is the strain. The evaluation
shows only 0.2% lattice displacement is required for a 30% mobility gain
compared to the biaxial case where > 1% displacement is required. It has
been shown that the uniaxial strain increases the hole mobility for the 45-nm
gate length transistor by 50%.
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TABLE 4.1

Longitudinal and transverse piezoresistance coefficients evaluated for
standard layout and wafer orientation (units of 10−12 cm2dyne−1).
After S. E. Thompson et al., IEEE Electron Dev. Lett., Vol. 25,
2004(191-193). With permission.

<100> <100> <110> <110>
Polarity π‖ π⊥ π‖ π⊥
N or P π11 π12 (π11 + π12 + π44)/2 (π11 + π12 - π44)/2
N-type -102 53.4 -31.6 -17.6
P-type 6.6 -1.1 71.8 -66.3

FIGURE 4.38
Simplified hole valance band structure for longitudinal in-plane direction. (a)
Unstrained and (b) strained-Si. After S. E. Thompson et al., IEEE Electron
Dev. Lett., Vol. 25, 2004(191-193). With permission.
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FIGURE 4.39
Calculated and experimental data for longitudinal compressive and biaxial

tensile stress enhanced mobility vs. stress. Note that the maximum predicted
Si inversion layer hole mobility enhancement is estimated to be ∼ 4 times
higher for uniaxial stress on (100) wafer and ∼ 2 times higher for biaxial
stress on (100) wafer and for uniaxial stress on a (110) wafer. After S. E.
Thompson et al., IEEE Trans. Electron Dev., Vol. 51, 2006(1010-1020).
With permission.

For strained-Si, the explanation for the hole mobility enhancement has been
offered by several workers. For both the biaxial tensile and uniaxial compres-
sive stress, a key component of the enhanced mobility results from the lowest
energy subband having a low conductivity effective mass [28, 64]. To explain
the field dependence of the mobility in biaxial tensile strain, Fischetti et al.
[28] showed that reduction in hole mobility enhancement with vertical field
results from the quantization associated with the confining surface potential
of the MOSFET. The strain-induced formation of low in-plane effective mass
was first calculated by Bir and Pikus [99]. Fig. 4.38 summarizes the hole
band structure for both the unstrained- and strained-Si. The valance bands
are plotted for the in-plane direction of the MOSFET channel. Both uniaxial
and biaxial strain lift the degeneracy in the valance band and cause the bands
to not only shift, but to change shape as shown in Fig. 4.38. An important
observation is that for the process-induced strain, the hole mobility enhance-
ment is present even at a high vertical field. This result is consistent with
other uniaxial strained-Si where the mobility enhancement is also observed at
a high field: mechanical wafer bending [100] and nitride capping layer [5, 6].

Process-induced strain-enhanced mobility can be predicted from the piezore-
sistance coefficients. Since piezoresistance is not expected to vary linearly with
stress level above ∼ 250-500 MPa, for higher levels of stress, caution in us-
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ing piezoresistance coefficients is needed. When evaluating the various stress
options, it is also important to comprehend the maximum possible mobility
enhancement. Thompson et al. [101] have used a set of scattering parameters
that fit the experimental data for hole mobility enhancement under biaxial
tensile stress (see Fig. 4.39). The calculations include acoustic and opti-
cal phonon and surface roughness scattering. This set of scattering parame-
ters shows that the dominant mechanism responsible for biaxial tensile-stress
mobility enhancement (at large stress) is reduced optical phonon scattering.
Acoustic phonon scattering is only slightly altered due to the changes in the
density of states. Using the same scattering parameters, mobility enhance-
ment for uniaxial stress on (001) and (110) wafers was calculated, as shown
in Fig. 4.39, and compared to uniaxial stress data from literature. The model
shows good agreement. The maximum predicted Si inversion-layer hole mo-
bility enhancement is estimated to be ∼ 4 times higher for uniaxial stress on
(100) wafer and ∼ 2 times higher for biaxial stress on (100) wafer and for
uniaxial stress on a (110) wafer. The larger maximum mobility enhancement
on a (001) wafer results from the high density of states in the top band.

4.6.1 Hole Mobility

Hole mobility enhancement have been studied by several authors for uniax-
ial stress [40, 55, 102]. A novel computationally efficient model for stress-
modulated hole mobility, suitable for continuum transport simulators, has
been developed by Obradovic et al. [103]. The physics based model consid-
ers band structure modulation due to stress, and can predict the mobility
behavior over a wide range of stress, electric fields, and current directions.
In the model, a simplified heavy-hole valence bandstructure is considered by
a pair of intersecting ellipsoids in k-space. Eqn. 4.18 specifies the mobility
enhancement as a function of relative populations (f), current direction and
(θ), carrier temperature T, and the curvature masses and is given by:

μenh = 2
mtml

mt + ml

[
cos2θ

(
f1

ml1
+

f2

ml2

)
+ sin2θ

(
f1

ml1
+

f2

ml1

)]
(4.18)

fw =
1

1 + exp(− Δ
kT )

(4.19)

fh =
1

1 + exp( Δ
kT

)
(4.20)

Eqns. 4.19 and 4.20 define the components of the in-plane stress tensor:
shear (s), biaxial (b), and asymmetric (a). Uniaxial stress along the direction
of current flow lowers the energy of the W regions relative to the H region (see
Fig. 4.40(a)). This results in a repopulation of holes into the W region, which
is more favorable for conduction than the H region due to the larger gradient
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FIGURE 4.40
(a) Simplified heavy-hole valence band. (b) The modeled stress response

for compressive stresses is shown. The behavior is strongly nonlinear at high
stress values in sharp contrast to the Piezoresistive model. After B. Obradovic
et al., IWCE Tech. Dig., 2004(26-27). With permission.

in k-space along the current flow direction. Thus, mobility is enhanced. Con-
versely, a longitudinal tensile or transverse compressive stress results in an H
to W repopulation, and a corresponding reduction of mobility.

The analytic model is constructed by parametrizing the relative energy
shift of the two ellipsoids and their curvatures as functions of the in-plane
stress tensor, expressed in terms of the crystal coordinates of the Si unit cell.
The relative fractional populations fw and fH of the W and H ellipsoids are
calculated, based on the stress-dependent energy separation Δ and Maxwell-
Boltzmann statistics (using the carrier temperature). For MOS devices with
typical channel orientations (110), the perpendicular component of the current
vanishes, but the mobility tensor is not isotropic under general stress condi-
tions and field orientations. The dependence on carrier energy (or lateral
field, for drift-diffusion) is introduced through the carrier temperature term
in the Boltzmann statistics. This results in a reduced mobility enhancement
for high-energy carriers as shown in Fig. 4.40(b).

The model has been validated and calibrated using a set of wafer-bending
experiments (Fig. 4.41). Devices of various lengths (with built-in stress)
are subjected to additional longitudinal or transverse stress from the wafer
bending, for a total stress range (bending plus structural) of 700 MPa tensile
to 800 MPa compressive. The overall agreement to data is found to be very
good.

For uniaxial stress, the out-of-plane mass is calculated from the 6×6 Hamil-
tonian for Si and Ge in Fig. 4.42. Both Si and Ge show the interesting result
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FIGURE 4.41
Comparison of predicted Idsat gain (lines) to wafer-bending data (points) for
long-channel (1 μm - solid line) and short-channel devices (55 nm - dashed
line). All devices have built-in stress in addition to the bending stress. After
B. Obradovic et al., IWCE Tech. Dig., 2004(26-27). With permission.

FIGURE 4.42
Strained-Si and Ge MOSFET out-of-plane hole effective mass vs. uniaxial

strain. For both strained-Si and Ge, mlh > mhh. After S. E. Thompson et
al., IEEE IEDM Tech. Dig., 2004(221-224). With permission.
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FIGURE 4.43
Band splitting vs. vertical electric field for 500 MPa of stress. The splitting

is additive for uniaxial stress. After S. E. Thompson et al., IEEE IEDM Tech.
Dig., 2004(221-224). With permission.

that for uniaxial stress, mlh
2 > mhh

2 which causes the light to heavy hole
band splitting to increase with surface confinement, while for biaxial stress
the previously reported mlh

2 < mhh
2 causes the band splitting to be reduced

by surface confinement [28]. Including confinement and for 500 MPa of uni-
axial or biaxial stress, Fig. 4.43 shows the band splitting vs. vertical electric
field. The band splitting caused by surface confinement is additive for uniaxial
but subtractive for biaxial stress, which is consistent with the experimental
hole mobility data.

In a MOSFET, the 2D surface confinement shifts the light and heavy hole
bands. Using the empirical pseudopotential method, Fischetti et al. [28] have
show that surface confinement cancels the biaxial stress light to heavy hole
band splitting causing the enhanced mobility to be lost at high vertical fields.
In contrast, uniaxial hole mobility data suggest the splitting is not canceled by
surface confinement, which is a major advantage. The band splitting caused
by surface confinement is additive for uniaxial but subtractive for biaxial
stress, which is consistent with the experimental hole mobility data. The
experimental data and band calculations support uniaxial stress having an
advantageous in- and out-of-plane effective mass. The valence band warping
under uniaxial and biaxial stress is shown in Fig. 4.44.

Band structures of uniaxial and biaxial stressed Si are calculated using
empirical nonlocal pseudopotential method [27]. Since the conduction band
edge, ΔEc, of Si is located far from the Γ point, (0,0,0), the k·p perturbation
method, which is frequently used to analyze the hole transport, is not adequate
to accurately evaluate the conduction band structure in Si. The subband
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FIGURE 4.44
Simplified valence band E-k diagram for strained-Si. After S. E. Thompson

et al., IEEE IEDM Tech. Dig., 2004(221-224). With permission.

structure of the inversion layers in MOSFETs under stress is obtained using
Poisson-Schrodinger solver with considering ΔEc. Then, electron mobility
for relaxed and stressed MOSFETs is calculated employing phonon scatter-
ing with relaxation-time approximation. Figs. 4.45-4.47 show the calculated
splits of the conduction band edge, ΔEc, under biaxial, uniaxial <110>, and
uniaxial <100> stress.

4.6.2 Electron Mobility

The physical mechanisms of electron mobility enhancement by uniaxial stress
have recently been reviewed by Thompson et al. [101]. From full-band cal-
culations, uniaxial-stress-induced split of conduction band edge, ΔEc, and
effective mass change, Δm*, are quantitatively evaluated. The authors have
experimentally and theoretically demonstrated that the energy surface of two-
fold valleys in Si (001) FETs is warped due to uniaxial <110> stress, resulting
in lighter mt of two-fold valleys parallel to the stress. By using calculated ΔEc

and Δm*, experimental electron mobility enhancement is accurately modeled
for biaxial, uniaxial <100>, and uniaxial <110> stress.

Figs. 4.48-4.49 show the electron mobility enhancement induced by stress,
Δμe/μe, as a function of effective field, Eeff , under biaxial and uniaxial
<100> stress. The good agreement between experimental results and calcu-
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FIGURE 4.45
Split of conduction band edge, ΔEc, as a function of strain under biaxial

stress. After K. Uchida et al., IEEE IEDM Tech. Dig., 2005(129-132). With
permission.

FIGURE 4.46
Split of conduction band edge, ΔEc, as a function of strain under uniaxial

<100> stress. The strain is measured in the stressed direction. After K.
Uchida et al., IEEE IEDM Tech. Dig., 2005(129-132). With permission.
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FIGURE 4.47
Split of conduction band edge, ΔEc, as a function of strain under uniaxial

<110> stress. The strain is measured in the stressed direction. After K.
Uchida et al., IEEE IEDM Tech. Dig., 2005(129-132). With permission.

FIGURE 4.48
Electron mobility enhancement, Δμe/μe, induced by biaxial stress as a func-
tion of effective field at the tensile strain of 0.1%. After K. Uchida et al.,
IEEE IEDM Tech. Dig., 2005(129-132). With permission.
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FIGURE 4.49
Electron mobility enhancement, Δμe/μe, induced by uniaxial <100> stress

as a function of effective field at the tensile strain of 0.1%. After K. Uchida
et al., IEEE IEDM Tech. Dig., 2005(129-132). With permission.

FIGURE 4.50
Electron mobility enhancement, Δμe/μe, induced by uniaxial <110> stress

as a function of effective field at the tensile strain of 0.1%. After K. Uchida
et al., IEEE IEDM Tech. Dig., 2005(129-132). With permission.
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FIGURE 4.51
Electron mobility enhancement as a function of strain. Stress realizing 1%

strain for each stress condition is described. At high stress of ∼ 1.5 GPa,
<110> uniaxial stress is better than biaxial stress due to m∗ change. After
K. Uchida et al., IEEE IEDM Tech. Dig., 2005(129-132). With permission.

lated ones confirms that the electron mobility enhancement is quantitatively
ascribed to ΔEc for both biaxial and uniaxial <100> stress cases. In uniax-
ial <110> case, however, the calculations do not reproduce the experimental
electron mobility enhancements (Fig. 4.50), indicating that ΔEc is not enough
to account for the electron mobility enhancement by uniaxial <110> stress.

In order to anticipate the limit of the electron mobility enhancement by the
stress engineering, electron mobility enhancements [104] by biaxial, uniaxial
<100>, and uniaxial <110> stress are calculated in a wide range of strain
by taking into account ΔEc and Δm* (see Fig. 4.51). It has been demon-
strated that electron mobility enhancement under uniaxial <110> stress does
not saturate even at the stress of 1.7 GPa because of the reduction of mt at
higher stress. On the other hand, electron mobility enhancements by biaxial
and uniaxial <100> stress saturate at higher stress, since the change of the
electron population and the suppression of the intervalley phonon scattering
saturate at larger ΔEc. Thus, the uniaxial <110> stress is more advantageous
than biaxial and uniaxial <100> stress in terms of electron mobility enhance-
ment particularly at larger strain (higher stress). Uniaxial <110> stressed
MOSFETs with 0.5% strain (0.85 GPa) results in a 27% higher Id,sat. Figs.
4.52-4.54 show the μe enhancement, Δμe/μe, vs. strain characteristics of bulk
FETs under biaxial, uniaxial <100>, and uniaxial <110> stress, respectively.
Biaxial tensile stress shows the highest μe enhancement, followed by <100>
σ‖ and <110> σ‖. Only <100> σ⊥ reduces μe.
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FIGURE 4.52
Electron mobility enhancement, Δμe/μe, induced by biaxial tensile stress

as a function of strain. After K. Uchida et al., IEEE IEDM Tech. Dig.,
2005(129-132). With permission.

FIGURE 4.53
Electron mobility enhancement, Δμe/μe, induced by uniaxial <100> tensile
stress as a function of strain. <100> σ‖ enhances μe, whereas <100> σ⊥
reduces μe. The strain is measured in the stressed direction. After K. Uchida
et al., IEEE IEDM Tech. Dig., 2005(129-132). With permission.
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FIGURE 4.54
Electron mobility enhancement, Δμe/μe, induced by uniaxial <110> tensile
stress as a function of strain. Both <110> σ‖ and σ⊥ enhance μe. The strain
is measured in stressed direction. After K. Uchida et al., IEEE IEDM Tech.
Dig., 2005(129-132). With permission.

4.7 Uniaxial vs. Biaxial Strain Engineering

It is important to understand the differences for biaxial and uniaxial stress
and the physical mechanism responsible. The key differences between the
biaxial (substrate-induced) and uniaxial (process-induced) stress have been
explained and may be found in reference [55]. The superiority of using uniaxial
stress over the biaxially stressed Si has been confirmed via wafer-bending
experiments and also physical modeling. It has been shown that for uniaxially
stressed p-MOSFETs, valence band warping creates favorable in-plane and
out-of-plane low conductivity effective masses resulting in a significantly large
hole mobility enhancement at low strain and at high vertical field.

Nearly all the experimental reports suggest that process-induced uniaxial
stress has key advantages in both the mobility enhancement and small thresh-
old voltage shift. It has also been shown that the uniaxial stress, unlike the
biaxial stress, shows a significant hole mobility enhancement at low stress and
high vertical field and also a small threshold voltage shift for n-MOSFETs [55].
To evaluate the performance enhancements via the process-induced strain, the
authors have used the four-point longitudinal and transverse uniaxial and con-
centric ring biaxial wafer-bending experiments. For the biaxial wafer bending,
material anisotropy is neglected even though silicon is orthotropic.
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FIGURE 4.55
Enhanced mobility vs. stress induced via wafer bending: biaxial and lon-

gitudinal and transverse uniaxial stress. After S. E. Thompson et al., IEEE
IEDM Tech. Dig., 2004(221-224). With permission.

FIGURE 4.56
Strained-Si hole mobility enhancement vs. vertical field (wafer bending, SiGe
source/drain, and biaxial substrate strain). After S. E. Thompson et al., IEEE
IEDM Tech. Dig., 2004(221-224). With permission.
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Toward understanding the essential physics, the authors used a simpler
formulation which consist of solving the 6×6 Luttinger-Kohn Hamiltonian
to calculate the strain-altered band structure, analytical scattering models,
and deformation potential theory to calculate the band edge shift needed to
determine the MOSFET threshold voltage shift. The authors used the band
parameters from reference [105].

The authors have shown that for both biaxial and uniaxial stressed Si, the
effective mass unlike for the unstressed case, is approximately constant over
the energy range of a few kT. The approximately constant effective mass
results since strain removes the degeneracy and reduces the band-to-band
coupling. Also, the valence band under uniaxial compressive stress not only
causes a repopulation in k-space along <110> [16] but also significantly su-
perior in-plane conductivity mass. In-plane effective masses in the x-y plane
for transport along the <110> channel direction show ∼ 40% lighter effective
mass for uniaxial stress. It is this superior in-plane mass for uniaxial stress
that results in enhanced mobility at low strain. Changes in scattering also
contribute to the hole mobility improvement but has been shown to be a small
at uniaxial stress levels of (∼ 500 MPa) [11] and even larger (∼ 900 MPa) [4].

For the six possible types of stresses, the mobility extracted from changes in
the linear drain current is shown in Fig. 4.55. Transistors from a standard 90-
nm technology [3, 4, 11, 16]. were used in the wafer-bending measurements.
In general, the wafer bending data support the biaxial substrate and uniaxial
process-induced stress observations. As shown in Fig. 4.56, much larger hole
mobility enhancement at low and moderate stress on p-MOSFETs is observed
at both low and high vertical fields, which is consistent with the uniaxial
process-induced stress data. Wafer-bending uniaxial tensile stress also shows
a small threshold voltage shift for n-MOSFETs.

Careful analysis [101] of the 1990’s biaxial and recent uniaxial strained-Si
experimental data suggest the following key advantages of process-induced
uniaxial strain as follows:

• Uniaxial stress provides significantly larger hole mobility enhancement at
both low strain and high vertical electric field due to differences in the warping
of the valence band under strain. Large mobility enhancement at low strain
is important since yield loss via dislocations occurs at high strain.

• Uniaxial stress enhanced mobility provides larger drive current improve-
ment for nanoscale short-channel devices. This is due to fact that the uniaxial
stress-enhanced electron and hole mobility arises mostly from reduced conduc-
tivity effective mass (vs. reduced scattering for biaxial stress), since uniaxial
shear stress provides significant valence and some conduction band warping.

• Process-induced uniaxial stress causes approximately five times smaller n-
channel threshold voltage shift compared to substrate-induced biaxial tensile
stress.

Process-induced strain techniques are being integrated in a modular fashion
into any existing CMOS baseline process for integrated circuit manufacturing.
Extra process complexity, cost, and yield should be carefully considered (see
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TABLE 4.2

Summary of all feasible technologies for mobility enhancement. Extra
processes are considered, such as selective etch or implantation to prevent
performance degradation. After V. Chan et al., IEEE CICC Conf. Dig.,
2005(667-674). With permission.

nMOS pMOS Disadvantage and limitations
Biaxial Tensile Strain ↑ ↑ Extra cost on substrate,

difficulty in material,
integration, and device design

Contact etch-stop liner ↑ ↑ Extra steps in integration,
(DSL) ground rule consideration
SMT ↑ o Extra steps in integration
e-SiGe o ↑ High process complexity

difficulty in epi-growth, yield
Substrate Orientation o ↑ Extra Cost on hybrid substrate,

(HOT) extra steps e.g.,
Epi to prepare isolation

Channel Orientation o ↑ No further improvement
(<100>) in PMOS current

Table 4.2). In addition, extra process steps may involve extra film deposition
or etch. Extra plasma damage and low temperature process may lead to
reliability issues.

4.8 Summary

In this chapter, electronic properties of biaxial tensilely strained-Si films have
been discussed. Material properties such as bandgap, lattice constants, velocity-
field characteristics, conduction and valence band discontinuities, heavy dop-
ing effect, and carrier mobilities of SiGe, SiGeC, and strained-Si layers have
been presented. The essential physics explaining the physical origin of the
differences in the quantum confinement for uniaxial and biaxial stress for Si
and Ge is described.

Process-induced strain is achieved by adjusting the tensile stress of the
nitride cap layer (via thickness variation) for n-MOSFETs and longitudinal
uniaxial compressive strain by Ge content variation in the source/drain region
for p-MOSFETs. The uniaxial strained-Si p-MOSFET is seen to have signifi-
cant advantages over the biaxial strain, since (a) it has a much larger mobility
enhancement for a given strain, and (b) the mobility enhancement is present
at high vertical fields. It is expected that uniaxial stress will be the dominant
type of stress adopted in logic technologies due to advantages observed for
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both n- and p-MOSFETs. Since uniaxial stress hole mobility enhancement
results from a mass instead of a scattering improvement, the enhanced hole
mobility improvement will be present in nanoscale ballistic transport-limited
MOSFETs. In process-induced stress, since many process flow parameters are
changed when fabricating strained-Si MOSFETs, there is some uncertainty if
the process-induced strain alone is responsible for the reported enhancements
both in mobility and threshold voltage shift.
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5

Gate Dielectrics on Engineered Substrates

The use of high-quality strained-Si layers grown on relaxed-SiGe substrates or
on an insulator holds a great promise to enhance conventional Si complemen-
tary metal oxide semiconductor (Si CMOS) technology. In order to fabricate
MOSFETs on a Si substrate, conventionally a very thin layer of insulator is
thermally grown or deposited on the Si substrate followed by a polysilicon
gate electrode definition. With the advent of strained-Si1−xGex-based de-
vices, it is important to consider some of the processing issues that separate
these alloy layers from conventional Si substrate and conventional Si process-
ing technology. One area of concern in the metal oxide semiconductor-based
Si1−xGex technologies is the formation of high-quality surface passivation with
low density of interface states.

Attempts to thermally passivate alloys of Si1−xGex, using conventional
thermal oxidation, result in the selective oxidation of the Si in the alloy and
the resulting formation of a layer of Ge at the oxide/alloy interface, which
greatly increases the interface trap density [1]. In addition, if the strained
layer is mechanically metastable, then the high temperatures needed for con-
ventional oxidation may result in the introduction of “strain-relieving defects”
at the strained-layer/substrate interface. The resulting Ge buildup at the ox-
ide/alloy interface and strain relaxation at the alloy/substrate interface ren-
der the heterostructure useless for electronic device applications. With the
realization of heterojunction bipolar Si1−xGex devices and the potential for
optoelectronic devices based on these material systems comes the need for a
low-temperature technique that produces high-quality surface passivation.

The thickness of the gate oxide determines the threshold voltage that must
be applied at the gate of a MOSFET to turn on the MOSFET device. As the
operational speed of electrical systems has increased, it has become necessary
to have MOSFET devices with different gate oxide thicknesses on the same
chip. It is also important to have the scalability of the gate dielectric layers
on Si heterolayers.

The purpose of this chapter is to discuss the developments on the gate
dielectric formation on strained-Si/SiGe heterolayers. The processing issues
of gate dielectric formation on strained-Si films are critically examined and
the thermal oxidation of strained-Si layers is discussed. Low thermal budget
processing, such as rapid thermal oxidation (RTO), and low temperature mi-
crowave plasma oxidation and nitridation of strained-Si layers are discussed.

A brief review is given for conventional thermal oxidation of strained-Si,
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and readers are referred to the original publications for more details. We give
a more in-depth discussion on the relatively new results: necessity for low
thermal budget processing for the fabrication of strained-Si channel MOS-
FETs, including rapid thermal oxidation and nitridation, and microwave
plasma oxidation. Recent progress made in terms of the integration issues
and the prospects of deposition of high-k gate dielectrics on strained-Si/SiGe
heterolayers will be given more emphasis for possible applications in high-
performance hetero-FETs. Microwave plasma deposition of various high-k
gate dielectrics, such as ZrO2 , Ta2O5, and TiO2 on strained-Si, their elec-
trical properties, and the current conduction mechanisms are also discussed.
Results of studies on the electrical properties and conduction mechanisms in
several high-k gate dielectrics, such as ZrO2, Ta2O5, and TiO2 deposited on
strained-Si are also presented.

5.1 Strained-Si MOSFET Structures

Surface-channel strained-Si MOSFETs on relaxed-Si1−xGex virtual substrates
are attractive for extending the Si CMOS platform. The performance of a
surface-channel MOSFET depends on the Si/SiO2 interface quality. As dis-
cussed earlier, the oxidation of ultrathin (100-200 Å) strained-Si layer is a
key processing issue as the gate oxide thickness and strained-Si channel thick-
ness (remaining strained-Si layer after oxidation) are determined by this gate
oxidation step. High-temperature (> 700oC) processing is not desirable for
strained-Si/SiGe structures to prevent Ge diffusion, strain relaxation, and
dislocation propagation from the buffer layers. Many of the reported hetero-
FET structures use a MODFET configuration with a Schottky gate to avoid
the high-temperature gate oxide growth process step [2, 3, 4]. However, sev-
eral workers have used conventional thermal (both dry and wet) oxidation
at a relatively low temperature (750-850oC) for the fabrication of strained-Si
MOSFETs [5, 6, 7, 8, 9].

First, let us consider the surface-channel strained-Si device (see Fig. 5.7).
Since Si is being oxidized, the interface state density at the resulting SiO2/Si
interface is low, and an electrically high quality interface is expected. However,
all oxidation and cleaning processes during the device fabrication will consume
Si. In the case of surface channel, the top strained-Si layer is generally less
than 200 Å thick, and thus too much Si consumption during cleaning and
oxidation steps will etch out the high-mobility strained-Si channel.

One possible solution could be to increase the top strained-Si layer thickness
to achieve the necessary thickness for the channel after processing. However,
the critical thickness of the strained-Si layer, which depends on the Ge content
of the relaxed-SiGe layer below, giving rise to the strain, limits the strained-Si
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layer thickness. The critical thickness is a function of the lattice mismatch
between the epitaxial Si film and substrate, as well as the materials properties
of both the epitaxial layer and the substrate. If the critical layer thickness
is exceeded, the Si layer will begin to relax, introducing misfit dislocations
at the strained-Si/SiGe interface. The strain in the channel Si layer will be
partially or completely relieved, decreasing the carrier mobility via scattering.
Dislocations can also affect device yield, reliability, and performance.

5.2 Thermal Oxidation of Strained-Si

Device-quality oxides usually result from thermal oxidation of Si. Dry oxygen
or steam is used at high temperature (typically 900-1000oC) in the furnace,
and the Si reacts with the O2 to form an SiO2 on the surface of the wafer.
During oxidation, Si from the wafer is consumed by the growing oxide, result-
ing in a loss of approximately 0.44tox of Si for an oxide thickness (tox). To
investigate possible relaxation of strained-Si during thermal oxidation, Welser
et al. [6] processed three strained-Si samples (grown using LRPCVD) with
graded Si1−xGex buffer layers (x = 0.30), constant Ge buffer of 1 μm thick,
and varying layer thickness (160, 445, and 1020 Å) of strained-Si grown on
p-substrates. The strained-Si layers were grown at 700oC and the buffer lay-
ers were over 95% relaxed. The samples were doped 7×1016 cm−3 p-type by
flowing 0.5 sccm of diborane during the growth. The samples were oxidized
(both dry and wet) at temperatures ranging from 750 to 900oC in a standard
oxidation furnace to yield approximately 130 Å of oxide.

By measuring the wavenumber shift from Raman spectra for the strained-Si
before and after oxidation Si-Si line on all of the samples, the strain before
and after oxidation was found. From the Raman scan of samples oxidized at
850oC, it was observed that Si-Si peak intensity from the strained-Si layer is
diminished due to Si consumption during oxidation, but the unaltered peak
positions of the Si-Si from strained-Si and buffer Si0.7Ge0.3 layer indicated that
strain has not been reduced and relaxation remain unchanged in strained-Si
and buffer Si0.7Ge0.3 layer, respectively. It was shown that for all oxidation
temperatures, the thinnest strained-Si layer (160 Å) appears to remain fully
strained. The 445 Å strained-Si layer is fully strained as grown, but shows
some evidence of partial strain relaxation during oxidation. Finally, the thick-
est strained-Si layer (1020 Å) is partially relaxed even as grown, and continues
to relax more as a function of oxidation temperature.

Since the oxide thickness is relatively thin (∼ 130 Å), oxide growth rate is
expected to be linear, and precisely that has been reported by Welser et al.
[6]. Fig. 5.1 shows a plot of linear rate constants (B/A) for all three strained-
Si samples and a control-Si sample as a function of temperature. The values
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FIGURE 5.1
Oxide growth rate of strained-Si for wet oxidation. After J. J. Welser, The

application of strained-silicon/relaxed-silicon germanium heterostructures to
metal oxide semiconductor field-effect transistors, Ph.D. thesis, Stanford Uni-
versity, 1994.

FIGURE 5.2
Oxidation rate vs. strain in the Si. Although the dependence is small, the

oxide growth rate appears to decrease with increasing strain for wet oxidation.
After J. J. Welser, The application of strained-silicon/relaxed-silicon germa-
nium heterostructures to metal oxide semiconductor field-effect transistors,
Ph.D. thesis, Stanford University, 1994.
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extracted for all samples at all temperatures are very similar, well within the
expected accuracy of the measurement. In addition, the activation energy for
B/A was found to be on the order of 1.7, which is comparable to the value of
1.96 for bulk-Si.

Although there is no measured difference between the average growth rate
of oxide on strained-Si as compared to bulk-Si, the oxidation rate seems to de-
crease slightly as strain in the Si layer increases which is shown in Fig. 5.2. All
the strained-Si layers are thin and the strain in these layers varies due to the
different Ge contents of the relaxed-Si1−xGex buffer layers and the oxidation
temperature is low (750oC), so a very little relaxation or dislocation formation
is expected during the process. Thermal (dry) oxidation of strained-Si (300
Å thick, on a fully relaxed step-graded SiGe buffer grown using GSMBE on
p-Si at 700oC and a quantum hole confinement have been reported by Bera et
al. [10]. The authors demonstrated the hole confinement in accumulation at
the SiO2/strained-Si/SiGe heterointerface and reported a trap density at the
middle of the bandgap of 2×1012 cm−2eV−1. The authors also extracted the
unconsumed strained-Si layer thickness from the capacitance-voltage charac-
teristics [11].

5.2.1 Ge Diffusion

The thermal stability of the strained-Si/SiGe heterostructure is very impor-
tant to enable the semiconductor industry for production of heterostructure
devices and circuits. There have been several reports on the thermal sta-
bility and most of the work on Ge diffusion and strain relaxation concern
SiGe/Si heterostructures and multiple quantum wells [12]. Ge atoms diffuse
out through the strained-Si layer during heat treatment, which results in strain
relaxation and surface roughening. The activation energy of Ge diffusion in
strained-Si is 3.3 eV, which is lower than the value in unstrained-Si (4.7-5.3
eV).

The Ge depth profiles for samples treated at different temperatures are
shown in Fig. 5.3(a). The strained-Si/Si0.7Ge0.3 interface was clearly observed
at the depth of 25 nm for the sample with no thermal treatment. As the
heat-treatment temperature increased, the Ge concentration in the strained-
Si layer increased due to Ge diffusion from the Si0.7Ge0.3 layer. The Ge
concentration near the surface of the sample treated at 1000oC for 1 h was 1%.
The concentration in the sample treated at 1100oC for 1 h was almost uniform
near the surface within 5-30 nm and gradually increased toward the value in
the middle of the SiGe layer (30%). This suggests that a certain amount of
Ge evaporated from the surface. The Ge concentration within 0-5 nm of the
surface of samples treated at 950-1100oC decreased because SiO2 was formed
during the heat treatment due to impurity oxygen gas in the furnace. It is well
known that SiO2 forms at the surface during thermal oxidation of SiGe. An
increased oxygen concentration accompanied by a decreased Ge concentration
near the surface was confirmed through Auger electron spectroscopy.
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FIGURE 5.3
(a) Ge depth profiles (linear scale) measured by SIMS for an as-grown sample
and samples treated at 850, 900, 950, 1000, or 1100oC for 1 h. (b) Ge depth
profiles (log scale) same as in (a) and fitting curves by Fick’s law. After N.
Sugii, J. Appl. Phys., Vol. 89, 2001(6459-6463). With permission.
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FIGURE 5.4
Ge profiles measured by SIMS for Boltzmann-Matano analysis. Both samples
are annealed at 920oC or 60 min in nitrogen. Source: MIT Annual Report
2005.

The Ge diffusion into the strained-Si layer from the Si0.7Ge0.3 layer can be
formulated as a solution of Fick’s second law for a pair of semi-infinite solids.
The concentration c at a distance x from the initial interface at time t is given
by

c =
co

2

[
1 − erf

(
x

2
√

Dt

)]
(5.1)

where D is a diffusion coefficient and co is the initial Ge concentration in
the Si0.7Ge0.3 layer. The Ge depth profiles obtained by SIMS were fitted with
this equation and are shown as curves in Fig. 5.3(b). The measured points
could be well fitted in the region where the Ge concentration was less than
5%. The discrepancies between the measured and calculated values in the
high Ge-concentration region (> 5%) were due to a change in the Ge diffusion
coefficient.

One issue for strained-Si/SiGe structures is the interdiffusion at the strained-
Si/SiGe interface during device processing, which degrades device perfor-
mance by reducing strain and carrier confinement and increasing alloy scat-
tering. Research on Ge diffusion has been focused on Ge self-diffusion in
Si1−xGex and interdiffusion in compressively strained-SiGe structures with
low Ge fractions (x < 0.25) grown on Si [13]. Basic understanding of inter-
diffusion, such as Ge fraction, strain, and temperature dependence, and the
influence of point defects generated during oxidation, nitridation, and other
processes is inadequate. In addition, little data is available for SiGe inter-
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FIGURE 5.5
SiGe interdiffusivity (D) extracted from Ge profiles similar to those in Fig.

5.4 (symbols), and model fit (lines) at two different temperatures. Source:
MIT Annual Report 2005.

FIGURE 5.6
SIMS analysis for Ge atom profile (solid line) of strained-Si-SiGe layers in a

strained-SOI. The Ge atoms diffuse into the strained-Si layer from the SiGe
layers, although the simulation data (dashed line) at a 950oC RTA process
shows the suppression of the Ge diffusion. After T. Mizuno et al., IEEE Trans.
Electron Dev., Vol. 51, 2004(1114-1121). With permission.
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diffusion in device structures, such as strained-Si/strained-Si1−yGey/relaxed-
Si1−xGex with Ge content y > 0.3. Boltzmann-Matano analysis is used to
obtain SiGe interdiffusivity experimentally. Fig. 5.4 shows an example of Ge
profile used for Boltzmann-Matano analysis, for Ge fraction up to 0.4. The
interdiffusivity model is based on the interdiffusion coefficients obtained from
Boltzmann-Matano analysis (Fig. 5.5), which has a similar form to the model
used in reference [13] for compressive SiGe at lower Ge mole fractions.

Fig. 5.6 shows the results of the secondary ion mass spectroscopy (SIMS)
analysis (solid line) of the Ge profile of the fabricated strained-SOI structures.
It was found that the Ge atoms diffuse to the strained-Si layer from the SiGe
layer during the high temperature (1000oC) annealing process. As a result,
the strained-Si layer becomes thinner by 4 nm when the SiGe layer is defined
as the region including Ge content of higher than 1%. On the other hand, the
simulation results (dashed line) of the Ge distribution at the low temperature
(950oC) RTA process, the Ge diffusion length can be suppressed to only 1 nm.
Therefore, the low temperature process is definitely required to suppress the
Ge diffusion. The influence of the Ge diffusion on the device performance is
discussed in chapter 7.

5.2.2 Kinetics: Oxidation of Si1−xGex Layers

The microstructure of oxide layers on Si1−xGex after atmospheric oxida-
tion and the kinetics of the process have been described in several studies
[14, 15, 16, 17, 18, 19, 20, 21]. During atmospheric pressure oxidation of Si, it
is generally accepted that Ge acts as a catalyst for the formation of SiO2 (i.e.,
it is neither consumed nor incorporated into the oxide). This catalytic effect
causes the linear reaction constant in the well-known Deal-Grove oxidation
model to be increased by a factor of 2-3. In the diffusion-limited parabolic
regime, the presence of the Ge is reported to have no effect [16]. In cases of
atmospheric pressure oxidation, Ge has been reported to accumulate at the
oxide/semiconductor interface. The accumulation of Ge at the oxide/alloy
interface was shown by capacitance-voltage measurements to produce a high
density of fixed charge and a high interface trap density even after a forming
gas anneal. However, the origin of this accumulation is not yet clear. Based
on these early results it appears that atmospheric oxidation of Si1−xGex al-
loys is limited for electronic passivation in applications such as metal oxide
semiconductor devices.

High-pressure oxidation holds great promise for device quality thermal pas-
sivation of Si1−xGex since it allows low temperature thermal passivation. This
approach has been proven useful for both the oxidation of Si and Ge and,
hence, its application to the alloys of Si1−xGex is a natural step that has been
only superficially explored. One important benefit of high-pressure oxidation
has been shown to be the incorporation of Ge into the oxide during oxidation,
which reduces or eliminates Ge accumulation at the interface.

Moderately high-pressure (∼ 200 atm) oxidation of alloys of dilute Si1−xGex
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and superlattice structures at 740oC has shown to produce oxides in which Ge
was reportedly trapped in the oxide, though its state (chemical incorporation
vs. entrapped elemental particles) has not yet been established. At much
higher pressures (680 atm) and lower temperatures (550oC) Ge was reported
to be chemically incorporated into the oxide. Paine et al. [19] have compared
high-pressure, low-temperature oxidation with conventional wet oxidation and
explained the results in terms of the kinetics and thermodynamics of the
oxidation process.

Strained-Si heterostructure substrates typically include a relatively thin
(e.g., less than 250 Å) strained silicon layer that may be used as the channel
in a MOSFET device. If the layer of strained-Si is grown too thick, mis-
fit dislocation defects will occur in the layer, compromising the yield when
MOSFET circuits are fabricated on the substrate. In particular, at a critical
thickness, dislocations are favored for strain relief of the epitaxial film over
continued accumulation of strain energy. The critical thickness is a function
of the lattice mismatch between the epitaxial film and substrate, as well as
the materials properties of both the epitaxial layer and the substrate. It is
this critical thickness that may limit the useful strained-Si film thickness to
less than, e.g., 250 Å.

Conventional oxidation techniques for thermally growing oxide layers on a
Si substrate involve the consumption of a significant thickness (∼ 0.44tox)
of the Si substrate. If too much of the strained-Si layer is consumed in the
oxidation process, then the layer will be too thin to obtain the benefits of the
enhanced electron mobility. The minimum strained-Si film thickness required
for significant mobility enhancement is approximately 50 Å [22]. Conven-
tional methods of forming multiple gate oxides do not work well on a strained
Si substrate since the strained-Si cap layer may be too thin to support the
formation of both thick and thin gate oxides. This is particularly the case
since during a typical MOSFET fabrication process, there is much additional
strained-Si consumption due to various other processing steps (cleaning, ther-
mal oxidation, and annealing). Therefore, forming gate oxide on strained-Si
heterostructure substrates with the required gate oxide thicknesses but with-
out sacrificing the enhanced electron mobility is a challenging task.

5.2.3 Oxidation of Strained-Si Layers

One of the key considerations in fabricating strained-Si channel devices is the
epitaxial film quality, since its robustness is important for the performance
enhancement and relies on the integrity of the strained layer structure. This
is especially important in SiGe-MOS technology, where a low thermal budget
process is necessary compared with other technologies, such as bipolar and
BiCMOS. Strained-Si on relaxed-SiGe on insulator (SGOI) is very promising
as it combines the benefits of two advanced technologies: (a) the conventional
silicon on insulator and (b) the strained-Si. The SOI configuration offers
various advantages associated with the insulating substrate, namely, reduced
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FIGURE 5.7
Schematic diagrams of (a) surface and (b) buried channel strained-Si MOS-

FETs.

parasitic capacitances, improved isolation, and reduced short-channel effect.
High mobility strained-Si, strained-SiGe and strained-Ge channel MOSFETs
have been reported on SOI substrates [1].

Silicon dioxide plays an important role in Si-integrated circuits where it is
used for various purposes. Conventional oxidation techniques for thermally
grown oxide layers on a Si substrate typically involve the consumption of a
significant thickness of the Si substrate during the fabrication process. Also,
there is an additional Si consumption due to various other processing steps
such as cleaning and annealing. Strained-Si substrates include a relatively thin
(∼ 200 Å) strained-Si layer that may be used as the channel in a MOSFET
(see Fig. 5.7). If too much of the strained-Si layer is consumed in the oxidation
process, then the channel layer will be very thin to obtain the benefits of the
enhanced electron mobility. The minimum strained-Si film thickness required
for a significant mobility enhancement is ∼ 50 Å [23]. Also, conventional
methods of forming multiple gate oxides do not work well on a strained-Si
substrate since the strained-Si layer is very thin to support the formation of
both thick and thin gate oxides. Therefore, the need to study the strained-Si
oxidation has many motivations, including to have a high-quality gate oxide
layer for MOSFET applications.

The thermal oxide on a Si substrate shows, in general, very good electrical
properties. Unlike the Si, however, the thermal oxidation of strained-Si/SiGe
films results in poor oxide quality and the Ge segregation during oxidation
degrades the film quality [24, 25]. When strained-Si/SiGe/Si heterolayers
are processed at a high temperature, beyond the film growth temperature,
or during ion implantation the strain in the epilayers may relax and misfit
dislocations are formed which degrade the device performance. In addition,
after the gate oxidation, during gate polysilicon deposition and the dopant



200 Strained-Si Heterostructure Field Effect Devices

activation, the diffusion of Ge into the SiO2 gate takes place, which also
causes device degradation.

Ultrathin SiO2 gate dielectrics, of less than 20 Å in thickness, are needed for
the 65-nm technology node [26]. Such a thin SiO2 layer exhibits a significant
leakage current (> 1 A/cm2 at 2 V). In order to reduce the leakage current, an
extensive search for alternative high dielectric constant gate dielectrics that
would probably replace the SiO2 for the sub-65 nm CMOS technologies is
being pursued. Unlike the high temperature needed for the growth of SiO2,
most high-k dielectric deposition on Si can be made at a low temperature.
Despite this fact, there are not many reports available in the literature on
these dielectrics on strained-Si or strained-SiGe layers.

5.3 Rapid Thermal Oxidation

As discussed before, there is a strong evidence of oxidation-induced partial
strain relaxation in relatively thick strained-Si/SiGe films which continue to
increase as a function of oxidation temperature. It has also been reported
in the literature that the mobility of strained-Si/SiGe degrades due to the
presence of high fixed oxide charge (∼ 4×1011 cm−2) [6, 7, 8]. For the fab-
rication of buried-channel MOSFETs (see Fig. 5.7) in SiGe-technology, it is
essential to form ultrathin gate dielectrics directly on strained-SiGe layers.
Unfortunately, for gate dielectric formation, the conventional high tempera-
ture thermal oxidation (and high thermal budget) process cannot be applied
to strained-Si/SiGe layers due to strain relaxation, dopant and Ge segrega-
tion/diffusion, and propagation of dislocations as discussed before. Due to its
low thermal budget and high thickness controllability for ultrathin dielectrics,
rapid thermal oxidation has become very popular for dielectric formation on
strained-Si/SiGe layers [27].

To enhance the reliability of ultrathin dielectrics required for MOS de-
vices, films with low leakage current, improved charge trapping characteris-
tics, and high dielectric strength are necessary. To suppress charge trapping
and improve the reliability of gate dielectrics, incorporation of nitrogen at
the Si/SiO2 interface have been proposed [28, 29]. Reoxidized nitrided oxide
(RNO) and thermally nitrided (in NH3) oxides have also shown excellent char-
acteristics toward hot carrier effects with reduced interface state generation
and act as a barrier toward impurity penetration into SiO2. However, electron
trapping is inherent in nitrided oxide due to hydrogen, and the reoxidation
step is needed in reducing the H atoms [30, 31]. Rapid thermal processing
in a nitrogen ambient (N2O or NO) is essentially free of H atoms and results
in oxides that are highly resistant to hot carrier effects with reduced electron
trapping [32, 33, 34].
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Oxidation of strained-Si films on relaxed-Si0.75Ge0.25 layer using a rapid
thermal technique in N2O ambient has been reported by Tan et al. [35].
The samples were cleaned by piranha (H2SO4:H2O2 = 3:1) instead of a nor-
mal RCA/SC1 cleaning step (H2O:H2O2:NH4OH = 5:1:1) which is known
to etch the thin strained-Si epilayer. Prior to loading the samples into the
oxidation chamber, they were dipped for 10 min in diluted HF (48%HF:H2O
= 1:50) leaving the strained-Si surface both hydrophobic and hydrogenated.
The ramp-up rate of the rapid thermal processor (AST SHS-10) is 30oC/s
while the ramp-down rate is lower, which leads to a reduced thermal exposure
for the strained-Si and also a better control of thin oxide thickness. RTO
was performed at 1000oC for 400 s in N2O ambient. The oxide thickness was
found to be ∼ 90 Å from an ellipsometric thickness measurement. Immedi-
ately after oxidation, 250 nm of Al was evaporated on top of the oxide to
form MOS capacitors with an area of 7.85×10−3 cm−2. Ohmic contact was
formed at the back with Al. The MOS capacitors were annealed in forming
gas (H2:N2 = 1:9) at 400oC for 5 minutes after metallization.

It has been shown that strained-Si on SiGe layers are stable with respect
to high-temperature processing steps with no mobility reduction for thermal
treatments up to only 800oC for 30 min and 950oC for 3 min [36]. Also, simu-
lation of the Ge diffusion in Si/SiGe heterostructures, indicates that the degra-
dation of the heterostructures takes place after high-temperature processing
steps, which may be attributed to the movement of Ge into the strained-Si
channel. A simple model was used to estimate the amount of Ge outdiffusion
into the strained-Si epilayer. The Ge concentration at a particular tempera-
ture, “c”, as a function of time and distance, is given by [36]
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where D is the diffusivity of Ge in Si and is given by D = Do exp(-Ea/kT)
with Do = 400 cm2s−1 and Ea = 4.7 eV. The initial Ge concentration in the
Si0.75Ge0.25 cap layer (co) is 25% and the Si0.75Ge0.25 cap layer thickness (d)
is 5 μm. Note that x = 0 corresponds to the center of the Si0.75Ge0.25 cap
layer.

A simulation was done to model the extent of Ge diffusion within the het-
erostructure under thermal stress, assuming that Ge can diffuse infinitely
[35]. For the simulation, an initially perfect Si/Si0.75Ge0.25 heterointerface
was assumed, and a one-dimensional representation of Fick’s law was used
to calculate the diffusion of Ge atoms from the Si/Si0.75Ge0.25 layer into the
Si channel under different anneal conditions. However, in the simulation the
effect of elastic strain, crystal dislocations, and various other material con-
ditions were not included. Simulation results are shown in Fig. 5.14, which
shows the Ge profile at the strained-Si/relaxed-SiGe interface before and after
oxidation. It is seen that a significant amount of Ge atoms have outdiffused
into the strained-Si layer under the present oxidation condition (1000oC for



202 Strained-Si Heterostructure Field Effect Devices

FIGURE 5.8
J-E characteristic of a MOS capacitor. F-N tunneling behavior is clearly seen
for an electric field higher than 9 MV/cm and oxide breakdown at 15 MV/cm.
After C. S. Tan et al., Solid-State Electron., Vol. 45, 2001(1945-1949). With
permission.

400s). This gives rise to a high interface states density and a negative fixed
charge at the SiO2/strained-Si interface.

To study the electrical properties, the J-E characteristic of the MOS capac-
itor, biased into accumulation, was measured using HP-4061A measurement
system and is shown in Fig. 5.8. In the plot of I vs. E in Fig. 5.8, there are
two distinct regions of E, namely, < 9 MV/cm and > 9 MV/cm, where two
different leakage current characteristics can be identified. A relatively high
leakage current, observed in the > 9 MV/cm region, shows a strong depen-
dence on the oxide field and is an indication of F-N tunneling, as is observed
in most of the dielectrics at high fields. To determine the dominant leakage
current mechanism in the SiOxNy oxide a plot of ln(J/E2) vs. 1/E (F-N
mechanism) has been used. SiOxNy gate oxides show a linear relationship
and the conduction mechanism is dominated by the P-F mechanism at a low
field.

An analysis on the F-N current gives an electron effective mass of 0.45mo

(mo = 9.1×10−31 kg) and a barrier height of ∼ 3.0 eV. The oxide is also found
to have a breakdown field as high as 15 MV/cm. This high breakdown field is
due to the nature of N2O oxidation [34]. For electric field below 9 MV/cm, the
leakage current is higher than that predicted by the F-N tunneling mechanism
(see Fig. 5.8). A high leakage current may be attributed to the shallower traps
lying closer to the conduction band edge, which generate a hopping current.

In order to enable operation at the ultrashort channel lengths, ultrathin
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body and double-gate transistors are being investigated as alternate structures
for future silicon MOSFETs [26]. The ability to combine the advantages of
alternate device structures with strained-Si offers many potential advantages
such as reduction of channel doping compared to bulk MOSFETs. Rapid
thermal annealing (RTA) of the strained-Si on SOI structures has also been
carried out at different temperatures [37]. Thin (130 Å) strained-Si films
grown directly on an insulator (SiGe-free) and strained-Si on insulator with an
intermediate SiGe layer were subjected to the following annealing conditions
in nitrogen ambient: 600oC for 10 s, 800oC for 10 s, and 950oC for 1 s. For
the strained-Si, directly on insulator, a single strained-Si peak was observed at
512 cm−1 while the control-Si reference peak was found at 521 cm−1. For the
strained-Si with underlying SiGe buffer, two peaks were observed: a highly
attenuated SiGe peak at 506 cm−1, and a strained-Si peak at 512 cm−1. Thus
the Raman data confirms that the underlying SiGe buffer layer is not necessary
to maintain the strain in thin strained-Si films on an insulator (SSOI). No
strain relaxation was also observed following a rapid thermal annealing of
SSOI layers to a temperature as high as 950oC.

5.4 Plasma Nitridation of Strained-Si

For strained-Si channel MOSFET fabrication, conventional thermal oxidation
at temperatures ranging from 700 to 850oC has been employed [5, 6, 8]. In
order to form the gate oxide for a hetero-MOSFET (see Figs. 5.7(a) and (b)),
the strained-Si layer needs to be oxidized in case of surface-channel device,
while the top SiGe layer need to be oxidized directly in case of the buried-
channel device. Unfortunately, there are problems due to the nature of the
Si/SiGe heterostructures in both cases that render the direct oxidation process
unsatisfactory.

During the last two decades, many attempts have been made both to quan-
tify the effect, in terms of Ge concentration at the interface, temperature
and ambient (wet vs. dry), and to use the conventional Deal-Grove model to
study the oxide growth kinetics. There is now a good deal of understanding
of the kinetics of thermal oxidation of SiGe layers and also the multilayer
structures of the grown oxides [38]. However, the main conclusion of these
studies is that the temperature normally used for thermal Si oxidation is too
high to preserve the crystalline perfection of the Si/strained-SiGe layers. In
order to circumvent this problem, different low-temperature oxidation meth-
ods such as ECR/microwave plasma oxidation, ion implantation, and photon
(mainly UV) assisted oxidation have been proposed [1]. In most of these
techniques, a process temperature, lower than 400oC, is used for a typical
10 to 50-nm thick oxides without any significant relaxation of the strained
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FIGURE 5.9
Deconvolution of Si 2p spectra obtained by high-resolution XPS of 1 min Ar+

ion etched: (a) O2/N2O nitrided oxide (S-1) and (b) O2/NH3/N2O nitrided
oxide (S-3), (c) N 1s spectra of 1 min Ar+ ion etched O2/N2O nitrided oxide
(S-1), and (d) O2/NH3/N2O nitrided oxide (S-3). After L. K. Bera, Studies
on Applications of Strained-Si for Heterostructure Field Effect Transistors
(HFETs), Ph.D. Thesis, IIT Kharagpur, 1998.

layers. To achieve a high-quality gate oxide and still maintain the strain in
the film, low-temperature plasma oxidation of strained-Si/SiGe films has also
been reported by several authors [39, 40].

Long-term reliability, electrical stability, and poor diffusion barrier proper-
ties of sub-100 Å thick oxides have created interest in alternative dielectrics
to silicon dioxide. Nitroxides and reoxidized nitroxides are very promising
for gate dielectric applications. Nitroxides have shown good diffusion barriers
against impurities and superior hot-electron immunity compared to thermal
oxides [41]. In the following, we examine the nitridation conditions to find a
good starting nitroxide for device applications and the effect of annealing of
strained-Si films, grown at 700oC on a fully relaxed step-graded SiGe buffer
layer using a GSMBE, in N2O- and NH3-plasma [11].

In a typical growth process, the microwave plasma system was first evacu-
ated to 10−3 Torr, followed by the introduction of O2, N2O, and NH3 gases
into the discharge chamber. No external heating of the substrate was made;
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TABLE 5.1

Processing conditions for nitridation of SiO2 films on strained-Si.
Samples Oxidation Nitridation ROXNOX

S-1 O2 plasma 1 min. N2O plasma 1 min. -
S-2 O2 plasma 1 min. NH3 plasma 1 min. -
S-3 O2 plasma 1 min. NH3 plasma 1 min. N2O plasma 1 min.

FIGURE 5.10
I-V characteristics of O2/N2O nitrided oxide, O2/NH3 nitrided oxide, and
O2/NH3/N2O nitrided oxide samples. After L. K. Bera, Studies on Appli-
cations of Strained-Si for Heterostructure Field Effect Transistors (HFETs),
Ph.D. Thesis, IIT Kharagpur, 1998.

however, the discharge itself raised the substrate temperature to about 150oC.
Ultrathin SiO2 films (∼ 25Å, to be used as a seed layer) were grown in O2

plasma. Three different samples (hereafter referred to as S-1, S-2, and S-3)
were nitrided and the processing conditions are given in Table 5.1. Thick-
nesses of the nitrided SiO2 films were in the range of 75-100 Å.

XPS (VG Scientific ESCALAB MK-II spectrometer equipped with a con-
centric hemispherical analyzer) with AlKα radiation was used to profile the
incorporation of nitrogen in the nitrided films and also to investigate the chem-
ical structure of the films from the shift of the core-level binding energy. This
technique is particularly attractive for deducing local atomic structure due to
the sensitivity of the spectra to the chemical environment. The surfaces of
(as-grown and Ar+ ion etched samples) SiO2, nitrided by N2O/NH3 plasma,
were also analyzed using high-resolution XPS to investigate the modification
of chemical bonding.

Fig. 5.9 shows the Si 2p, and N 1s photoemission spectra for 1 min Ar+-ion
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etched samples S-1 and S-3. No nitrogen signal was observed in the XPS
spectra from the as-grown film surfaces. A chemical shift of ∼ 3.7 eV is
observed for Si 2p peak with respect to that of bulk-Si. The observed binding
energy is inbetween silicon nitride and silicon dioxide, indicating the formation
of silicon oxynitride films. Since nitrogen is less electronegative compared to
oxygen (electronegativity of 3.04, as compared to 3.44 for oxygen), Si–N bonds
reduce the binding energy of core-level electron, resulting in a shift of Si 2p
peak to a lower value.

The observed Si 2p peaks are attributed to signals from the Si substrate
(∼ 98.8 eV) and SiOxNy layer (around ∼ 101-103 eV). Deconvolution of Si
2p spectra (Figs. 5.9(a) and (b)) confirmed that peaks at lower energy (∼
98.8 eV) originate from the strained-Si (substrate) and that of higher energy
(∼ 101-103) from interfacial SiOxNy layer. N 1s spectra for N2O nitrided
SiO2 (S-1) show a single peak at 403.0 eV, originating from N–O bonds. The
major contribution of N–O bonds is clearly observed from the deconvoluted
N 1s spectra as shown in Fig. 5.9(c) which consists of Si ≡ N and Si2=N–O
bonds. It is also noticed that the peak intensity of Si2=N–O bond is higher
than Si ≡ N bond. On the other hand, N 1s spectra of the N2O-plasma treated
NH3-nitrided SiO2 films (S-3) exhibit two peaks. The first peak corresponds
to Si ≡ N bond at 396.8 eV and the convoluted spectra of the second peak
(at 403.7 eV) with Si–N=H2 and Si2=N–O bonds are shown in Fig. 5.9(d).

It may be noted that the N2 atoms accumulate at or near the oxide/strained-
Si interface forming a silicon oxynitride layer, which is believed to provide
a greater immunity to electrical stress. Similar observation has also been
reported in case of bulk-Si [42, 43]. The I-V characteristics of MIS capacitors
on all the samples, measured under a negative gate bias condition, are shown
in Fig. 5.10. Although sample S-3 exhibits a higher low-field leakage current
(compared to S-1 and S-2), it shows a higher breakdown voltage of about 9
V. This may be due to the enhancement of nitrogen incorporation at SiO2/Si
interface to form the oxynitride, which has a narrow bandgap. As a result, the
barrier height is lowered which increases the current density at low electric
field. A typical resistivity value of sample S-3 is found to be about 2.7×1015

Ω-cm.
High-frequency (1 MHz) capacitance-voltage (C-V), current-voltage (I-V)

and conductance-voltage (G-V) characteristics of the Al-gate MIS capacitors
(area 1.96×10−3 cm2) fabricated using the nitrided films were used to study
the electrical properties and trapping behavior. F-N injections on capacitors
were performed at a constant current level of 10 mA/cm2 (gate injection)
which correspond to an average electric field in the oxide of 9-10 MV/cm.
C-V and G-V characteristics were used to determine the flatband voltage and
interface state density.

Using C-V and G-V characteristics, fixed insulator charge density for sam-
ples S-1, S-2, and S-3 are found to be 1.5×1011 cm−2, 2.0×1011 cm−2, and
1.2×1011 cm−2, respectively. A low value of Qf/q for S-3 may be due to outd-
iffusion of H2 during reoxidation and reduction of strained bond by enhanced



Gate Dielectrics on Engineered Substrates 207

FIGURE 5.11
Effect of cross-hatch roughness on F-N tunneling characteristics. After K. S.
K. Kwa et al., EMC Conference 2005.

nitrogen incorporation at strained-Si/SiO2 interface. The interface trap den-
sity at midgap, computed using Hill’s method [44] for samples S-1, S-2, and
S-3 were found to be 3.3×1011 cm−2eV−1, 5.8×1011 cm−2eV−1 and 3.5×1011

cm−2eV−1, respectively.

5.5 Effect of Surface Roughness

As discussed earlier, quantitative topographic measurements show that the
surface roughness of the strained-Si layer is associated with the cross-hatch
patterns, which basically result from a local accumulation of the underlying
misfit dislocations beneath the surface. Evidence of the variation in the oxi-
dation rate of strained-Si along the cross-hatch has been reported by Olsen et
al. [45, 46]. The undulating oxide thickness was found to be accompanied by
increased nanoscale roughness at the Si/SiO2 interface. The impact of cross-
hatching on the performance of strained-Si surface channel devices has also
been investigated [47]. As shown in Fig. 5.11, the critical electric field at which
FN tunneling begins increases significantly (from 4 MV/cm to 7 MV/cm) as
cross-hatching roughness is reduced from 8 nm to 4 nm. The authors fabri-
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FIGURE 5.12
AFM images of as-grown Si/SiGe material grown by: (a) GSMBE and (b)

ULPCVD. The dissimilar scales highlight the difference in morphology due
to growth technique. After S. H. Olsen et al., Solid-State Electron., Vol. 47,
2003(1289-1295). With permission.

FIGURE 5.13
HRTEM images of the Si/SiO2 interface roughness underneath gate struc-

tures on fully processed wafers: (a) ULPCVD-grown films at a 0o vicinal
angle, (b) control-Si at a 0o vicinal angle, (c) GSMBE films at a 3o vicinal an-
gle. After S. H. Olsen et al., Solid-State Electron., Vol. 47, 2003(1289-1295).
With permission.
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FIGURE 5.14
Ge profile at the strained-Si/SiGe interface before and after rapid thermal

oxidation at 1000oC for 400 s in N2O ambient. After C. S. Tan et al., Solid-
State Electron., Vol. 45, 2001(1945-1949). With permission.

cated strained-Si surface channel devices using a standard MOS process with
a reduced thermal budget on Si/SiGe layers grown by both GSMBE and ultra-
low-pressure chemical vapor-deposited strained-Si films. The average cross-
hatch roughness was found to be more than an order of magnitude lower on
ULPCVD-grown films compared with GSMBE-grown films, as shown in Fig.
5.12.

The critical strained-Si/SiO2 interface roughness has been shown to be
strongly dependent on the vicinal angle. Smooth oxide interfaces were evident
in regions where the angle is parallel to (001)Si, whereas distinctive rough-
ness was displayed below oxide grown on the sloping edges of the cross-hatch
pattern. High-resolution TEM (HRTEM) images of the strained-Si/SiO2 in-
terfaces at high and low vicinal angles are shown in Fig. 5.13. HRTEM
analysis carried out at regions of the GSMBE strained-Si/SiO2 interface on
higher vicinal angles showed that increased roughness accompanied the slop-
ing edges of the cross-hatch pattern.

The relationship between vicinal angle (and thus cross-hatch roughness)
and gate oxide interface roughness identified on several strained-Si films is
summarized in Table 5.2. The authors concluded that the average mobil-
ity degradation due to oxide interface scattering on devices fabricated on
ULPCVD-grown films is expected to be greatly suppressed compared with
devices fabricated on GSMBE films. Peak-to-peak roughness measurements
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TABLE 5.2

Summary of gate oxide interface roughness measured on
device structures fabricated at various vicinal angles on
strained-Si/SiGe films using ULPCVD, GSMBE and
unstrained bulk-Si(100). After S. H. Olsen et al., Solid-State
Electron., Vol. 47, 2003(1289-1295). With permission.

Film/Vicinal Angle Si/SiO2 interface measurement
at roughness roughness (nm) location (o)

bulk-Si 0 0.20
ULPCVD strained-Si/SiGe 0 0.28
GSMBE strained-Si/SiGe 0 0.27
GSMBE strained-Si/SiGe 3 0.55

carried out using the AFM indicate that vicinal angles as large as 7o are
present on GSMBE material and additional increases in the Si/SiO2 interface
roughness in these areas are anticipated.

5.6 Effect of Strained-Si Layer Thickness

Strained-Si devices have also been shown to be scalable [48] and n-MOSFETs
with gate lengths down to 25 nm have shown 15-30% performance enhance-
ment over bulk-Si. Strained-Si technology is moving toward production. Sev-
eral research groups have demonstrated both n- or p-MOSFETs with excellent
characteristics fabricated with a wide variety of strained-Si layer thicknesses,
many of which are greater than the strained-Si critical thickness. However, the
effect on a MOSFET of the misfit dislocations that are generated by exceeding
the critical thickness has not been thoroughly studied. It has been suspected
that misfit dislocations may have a harmful effect on MOSFET characteris-
tics, but their exact impact has not been precisely identified nor explained
[9, 49]. Toward strained-Si technology development, new issues must be stud-
ied that are not yet fully examined. One of these issues is the limitation
on the maximum strained-Si film thickness for a manufacturable MOSFET
technology. Guidelines for the minimum strained silicon thickness have been
reported [22, 49], but the constraints on the maximum film thickness have yet
to be defined.

The presence of Ge in the strained-Si channel region can degrade electrical
performance of the device has also been reported [50]. Effect of strained-
Si layer thickness on the electrical properties of thermally grown gate oxide
has been investigated by Bera et al. [51]. The authors have investigated
the electrical properties of MOS capacitors grown on different thickness (80-
500 Å) of strained-Si layers on 30% relaxed-SiGe buffer. Thermal oxidation
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at 800oC was carried out to form ∼ 50 Å thick gate oxide after channel
implants and thermal activation. A 2000 Å thick polysilicon doped with B
(by implantation) was used as gate electrode. Ti-silicide was formed on gate
polysilicon as a part of self-aligned p-MOSFET fabrication. The Al/1%-Si was
deposited in the backside of the wafers for substrate contact. The samples
were annealed at 400oC for 30 min in forming gas.

Fig. 5.15 shows the normalized quasistatic capacitance voltage characteris-
tics of MOS capacitors on different strained-Si and bulk-Si wafers. The oxide
thickness (∼ 57Å) was estimated from the accumulation capacitance, which
is in close agreement with value measured by ellipsometer. A plateau is ob-
served in accumulation region for thin (80Å) strained-Si. This is due to the
charge confinement in the strained-Si/SiGe heterostructure [10, 52]. The flat
band voltage for 80 Å strained-Si is shifted toward positive bias, indicating
the presence of negative fixed charge in the oxide. These negative fixed oxide
charges originate from the presence of unsaturated Si-O- bonds in the oxide.
In the case of thin strained-Si layer, high-temperature processing prior to gate
oxidation might cause Ge diffusion into the film. During gate oxidation, dif-
fused Ge species are oxidized and form Si-O-Ge bonds. It is known that Ge-O
bonds are weak and can easily be broken into elemental Ge and Si-O- bonds
[53]. Fig. 5.16 shows the calculated interface state density vs. energy char-
acteristics for different samples. Dit is higher for thin strained-Si compared
to thicker strained-Si and bulk-Si samples. The higher interface state density
for thin strained-Si is also due to the diffusion of Ge from the buffer layer.

Fig. 5.17 shows conductance-voltage characteristics of MOS capacitor on
thin (80 Å) and thick (500 Å) strained-Si with frequency as a parameter. The
conductance curve from thin (80 Å) strained-Si shows dispersion in two bias
regions, A and B, corresponding to depletion and inversion bias, respectively.
Capture and emission of majority carriers by interface traps causes an energy
loss which is measured as an equivalent parallel conductance [54]. Therefore,
two peaks in G-V characteristics indicate that two different types of traps are
present in the oxide.

Fig. 5.18 shows the plot of natural log of carrier recombination time con-
stant vs. normalized (by kT/q) surface potential. Both A and B regions show
straight lines having opposite slopes, indicating two different types of states
are distributed in the oxide/substrate interface. Since the same defect can act
as one type of trap for electrons but as another type for holes, classification
of traps is important. The concept of capture cross-section is the best way
to classify the traps. The capture cross-section values for regions A and B,
as determined by the ordinate at the origin are 1.3×10−15 and 4.1×10−21

cm2, respectively. Thus, it is clear that conductance peaks in region A are
due to neutral traps while those in region B are due to Coulombic repulsive-
type traps. It is likely that the distribution of diffused Ge species is close to
the strained-Si/SiGe interface and Ge do not reach Si/SiO2 interface in the
case of thick (500 Å) strained-Si layer. Ge species diffusing into the Si/SiO2

interface causes very high coulombic repulsive types of trap density for thin
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FIGURE 5.15
Quasistatic C-V characteristics of MOS capacitor on strained-Si and bulk-Si.
After L. K. Bera et al., Thin Solid Films, Vol. 462-463, 2004(85-89). With
permission.

samples. As mentioned above, Si-O- bonds can trap electrons and act as neg-
ative charge centers and the Si-O- bonds at the interface are responsible for
the coulombic repulsive traps.

Fig. 5.19 shows the gate leakage current vs. gate bias characteristics of
MOS capacitors on different thickness of strained-Si. F-N tunneling starts at
higher voltages for thinner strained-Si sample, indicating the presence of a
thicker gate oxide. The probable reasons are:

• Actual thickness of strained-Si layer reduces during different cleaning
processes and also by gate oxide formation.

• The entire strained-Si layer may be consumed and the SiGe layer may be
exposed to oxidation process, if the strained film is too thin.

• Ge diffusion occurs during thermal processes like implant activation, ni-
tride deposition, and gate oxidation. For thicker strained-Si film, Ge diffusion
from the buffer layer does not reach the surface. Presence of Ge in thin
strained-Si film enhances oxidation rate [55].

The effect of constant voltage stressing of the oxide (Fig. 5.20) shows the
stress-induced leakage current produced during constant voltage stressing of
6.0 V for 200 s. The charge trapping behavior, monitored during constant
current stress under gate injection, as shown Fig. 5.21, indicates the trapping
of negative charge in the oxide. At low current stressing, sinusoidal oscillations
were found in the gate voltage signal (see Fig. 5.22). These fluctuations
diminish at higher stress currents. The trapping-detrapping mechanism may
be the cause of such gate voltage fluctuation at low stress levels.
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FIGURE 5.16
Interface state density (Dit) vs. energy of capacitors on strained-Si. Dit

increases with the decrease of strained-Si thickness. After L. K. Bera et al.,
Thin Solid Films, Vol. 462-463, 2004(85-89). With permission.

FIGURE 5.17
Conductance vs. gate bias characteristics of MOS capacitors on strained-Si.

After L. K. Bera et al., Thin Solid Films, Vol. 462-463, 2004(85-89). With
permission.
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FIGURE 5.18
Experimental majority carrier interface recombination time constant vs. sur-
face potential calculated from the region A and B (Fig. 5.17) measured at
different frequencies. After L. K. Bera et al., Thin Solid Films, Vol. 462-463,
2004(85-89). With permission.

FIGURE 5.19
Gate current vs. gate bias (I-V) characteristics of capacitors on strained-Si.

After L. K. Bera et al., Thin Solid Films, Vol. 462-463, 2004(85-89). With
permission.
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FIGURE 5.20
I-V characteristics of capacitors before and after constant voltage stress (+

6 V) for 200 sec. After L. K. Bera et al., Thin Solid Films, Vol. 462-463,
2004(85-89). With permission.

FIGURE 5.21
Gate voltage change vs. stress time during constant current stress on a MOS
capacitor. After L. K. Bera et al., Thin Solid Films, Vol. 462-463, 2004(85-
89). With permission.
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FIGURE 5.22
Oscillation in gate voltage shift during constant current stressing. After L.

K. Bera et al., Thin Solid Films, Vol. 462-463, 2004(85-89). With permission.

FIGURE 5.23
Interface state density of the gate oxide/strained-Si layer at room temperature
determined from the subthreshold swing of p-MOSFETs. Dit is found to
increase rapidly with decreasing strained-Si thickness. After T. Mizuno et al.,
IEEE Trans. Electron Dev., Vol. 51, 2004(1114-1121). With permission.
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FIGURE 5.24
(a) Temperature dependence of Dit obtained by the subthreshold swing of

strained-SOIs at a TSi of 21 nm (circles) and 3 nm (squares). Open char-
acteristics show the n-MOSFET data. At a TSi of 3 nm, Dit of pMOS is
much higher than that of n-MOSFETs, and Dit rapidly increases when the
temperature is lower than 150 K. (b) Interface state density profile consider-
ing the Fermi level shift at various temperatures. Dit at the positive and the
negative energy level is determined by the S-swings of n- and p-MOSFETs,
respectively. At 3 nm (circles), Dit near the valence band Ev is much higher
than Dit near the conduction band Ec. After T. Mizuno et al., IEEE Trans.
Electron Dev., Vol. 51, 2004(1114-1121). With permission.
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FIGURE 5.25
Variation in the interface state density as a function of Ge content in the

virtual substrate. After G. K. Dalapati et al., IEEE Trans. Electron Dev.,
Vol. 53, 2006(1142-1152). With permission.

In case of the buried strained-Si channel structures, the strained-Si/SiGe
interface is considered to have fairly good quality. However, mobility lowering
in thinner strained-Si has been explained by the increase in Coulomb scatter-
ing due to interface states in the strained-Si/gate-oxide, as follows. Fig. 5.23
shows the interface state density evaluated from the change in the subthresh-
old swing of strained-SOI MOSFETs. It was found that Dit rapidly increases
with decreasing TSi, and is higher than 1012 cm−2 eV−1 in strained-Si layers
that are thinner than 10 nm.

Dalapati et al. [22] have reported similar observations for strained-Si chan-
nel n-MOSFETs fabricated on virtual substrates with different Ge mole frac-
tions. Fig. 5.25 shows the variation of Dit with Ge content in the virtual
substrate (VS) for different strained-Si channel thicknesses. The results in-
dicate that the midgap Dit of strained-Si/SiO2 is higher than that of the
bulk-Si/SiO2, but has an acceptable value of about 3×1010 eV−1 cm−2 for a
device of channel thickness 6 nm and Ge content < 30%. From Fig. 5.25, it
may be noted that Dit increases with Ge content in the VS for all strained-Si
layer thicknesses. As the surface roughness of the strained-Si layer increases
with Ge content in the VS, there is a strong relationship between Dit and sur-
face roughness of the strained-Si layer [56]. Thus, Dit increases more rapidly
as the strained-Si thickness is reduced (see Fig. 5.26). Dit increases drasti-
cally below a strained-Si thickness of 4.7 nm, resulting in the Ge pile-up at
the strained-Si/SiO2 interface.

Fig. 5.24(a) shows the temperature dependence of Dit values estimated
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FIGURE 5.26
Variation in the interface state density as a function of strained-Si thickness

of polySi/SiO2 strained-Si MOS structure. After G. K. Dalapati et al., IEEE
Trans. Electron Dev., Vol. 53, 2006(1142-1152). With permission.

FIGURE 5.27
Capacitance-voltage (C-V) characteristics for the MOS structures with vary-
ing strained-Si cap layer thicknesses. The plateau in C-V curve indicates the
existence of heterojunction while peak in the C-V curve around the depletion
region indicates the presence of high-density traps. After S. Chattopadhyay
et al., Solid-State Electron., Vol. 48, 2004(1407-1416). With permission.
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from subthreshold measurements for strained-SOI n-MOSFETs (open charac-
teristics) and p-MOSFETs with 3 nm (squares) and 21 nm (circles) strained-Si
layers. In a strained-Si thickness of 3 nm, Dit of pMOS is much higher than
that of n-MOS, and Dit rapidly increases when temperature is lower than
150 K. Fig. 5.24(b) shows the energy distribution of Dit of thick (circles)
and thin strained-Si structures (squares), determined by the relationship be-
tween the Dit value in Fig. 5.24(a) and the temperature-dependent positions
of the Fermi level. The temperature dependence of the subthreshold swing
at a given gate bias can be ascribed to the energy distribution of Dit in the
bandgap, which can be obtained by using the temperature dependence of the
MOS surface potential. Fig. 5.24(b) shows that Dit rapidly increases near the
valance band edge, whereas it remains constant and relatively low in value
near the conduction band edge.

Fig. 5.27 compares the high-frequency C-V characteristics for strained-Si
MOS capacitors with 100×100 μm2 area and varying strained-Si layer thick-
nesses of 9, 7, and 5 nm. Three different features are observed in the C-V
curves with different strained-Si thicknesses. A plateau is observed in the C-V
curve obtained from the capacitor with 9-nm strained-Si layer thickness, the
curve for capacitor with 5-nm thickness shows a peak in the depletion region
(- 0.4 V), and the curve for capacitor with 7-nm thickness shows no plateau
or peak. The plateau in first case in the accumulation part is due to the
confinement of holes and it indicates the presence of a quantum well at the
heterojunction between the strained-Si and compressively strained-Si0.7Ge0.3.
The peak in the second case is due to the presence of a large number of inter-
face traps at the SiO2/strained-Si interface. These observations confirm the
higher Ge outdiffusion up to the Si/SiO2 interface through the thin strained-Si
layer.

5.7 High-k Gate Dielectrics on Strained-Si

Si-based metal oxide semiconductor field-effect transistors have been scaled
close to their physical thickness limit. Aggressive scaling of gate oxide has re-
duced its thickness to a present-day value of about 1 nm, and any further thin-
ning is prohibitive due to oxide reliability issues and the exponential increase
of leakage current from direct tunneling. Sustaining Moore’s law, however,
depends crucially on the gate insulator scaling and consequently, replacing
SiO2 with high-k dielectric-metal gate stack is within sight. Silicon dioxide
has been the gate dielectric in view of its amorphous structure, a bandgap
of > 9 eV, band offsets relative to silicon greater than 1 eV. The gate oxide
has to withstand the highest electric field. SiO2 exhibits low Dit (∼ 5×1010

states/cm2-eV), low fixed charge density (5×1010 charges/cm2), minimal low
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TABLE 5.3

Dielectric constant, bandgap, electron and hole barrier heights for selected
high-k gate dielectrics.

SiO2 Si3N4 HfO2 ZrO2 Al2O3 TiO2 Ta2O5 ZrSiO4

Dielectric
constant (k) 3.9 7.0 25 20 9 80-100 25 10-12

Eg (eV) 9 5.3 6 5.8 8.8 3.05 4.4 6
Φc (eV) 3.5 2.4 1.5 1.4 2.8 1.2 0.3 1.5
Φv (eV) 4.4 1.8 3.4 3.3 4.9 – 3.0 3.4

frequency capacitance-voltage (C-V) hysteresis and frequency dispersion, min-
imal dielectric charging and interface degradation or stress-induced leakage
current (SILC) as a result of voltage stress or voltage bias-temperature mea-
surements, sufficiently high mobility as well as exhibits sufficient reliability
after years of high field stressing (> 10 years).

The gate dielectric thickness of SiO2 has decreased from 50-100 nm in the
1970s to 1.2-1.5 nm equivalent oxide thickness (EOT) for state-of-the-art ad-
vanced MOSFETs, which is about 5 monolayers of silicon dioxide. The thin-
ning of the gate dielectric, between 3 and 3.5 nm, necessary for the next gen-
erations of integrated devices, will give rise to unacceptably high gate leakage
current arising from direct tunneling through the SiO2 films. A typical leak-
age current density for 1.5 nm thick SiO2 at 1 V is ∼ 1 A/cm2. There exists
a physical limit for SiO2 thickness (around 1.0-1.2 nm) as demonstrated at
the atomic scale in a landmark experiment by Mueller et al. [57]. To fur-
ther increase chip performance by using novel materials, the focus has been
on high permittivity gate insulators and on metal gate electrodes. As SiO2

will almost certainly be replaced by high-k gate dielectric in near future, the
replacement of silicon as channel material by novel materials with improved
transport properties is being viewed as a promising option to continue device
scaling.

Since the introduction of Si MOSFETs in the 1960s, the semiconductor
industry has seen an unprecedented rate of advancements in manufacturing
and device performance. Much of this achievement is based on the scalability
of the MOSFETs with silicon as the substrate and SiO2 as the gate insulator.
Now, after 40 years of decreasing size and increasing performance, traditional
scaling is nearing fundamental limits at the 130 nm technology node [26].
There are two different avenues to achieve further enhancement in device per-
formance: (a) by alternative device structures or (b) by looking for alternative
material systems that exhibit higher mobility values. The main disadvantage
of SiO2 is its low permittivity (3.9). The permittivity of SiO2 can be some-
what increased by mixing it with SiNy. However, now a days, SiOxNy is also
approaching the limit where the gate oxide is about to be scaled so thin that
the direct tunneling current through it would become unacceptably high.

At the 65-nm technology node, ultrathin SiO2 gate dielectrics, of less than
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FIGURE 5.28
Phase diagrams show the oxide and silicate compounds made with Ta, Ti, and
Zr. For the binary oxide to be stable in contact with silicon, a tie line must
exist between the MOx (M = metal) and silicon. Unlike Ta- and Ti-based
films, Zr compounds are stable in direct contact with silicon.
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20 Å in thickness, will be needed. Such a thin oxide is prone to direct tunnel-
ing and exhibits a significant leakage current (typically 1 A/cm2 at 2 V). In
order to maintain a high drive current and also a minimum leakage current, a
thicker film of high dielectric constant gate dielectric, with the same equivalent
oxide thickness, may be used [58, 59]. At the present time, for the front-end
processing, serious attempts are being made toward the development and inte-
gration of gate stack technologies which contain alternative high-k dielectrics.
Electrical properties, such as dielectric constant, bandgap, electron, and hole
barrier heights for selected high-k gate dielectrics are shown in Table 5.3. As
the high-k gate dielectrics reduce gate leakage, and strained-Si enhances the
performance of the MOSFET, it would be interesting to combine both for a
solution toward the current limitations of Si CMOS downscaling [60, 61, 62].

Any potential high-k dielectric must be as thermodynamically stable on Si
as SiO2 or SiOxNy, which means that in further processing steps, following
the gate dielectric film deposition, (a) chemical reaction in the bulk and at
the high-k/Si interface must be prevented, (b) oxygen diffusion through the
high-k film and oxygen reaction with the substrate-Si must be controlled,
and (c) migration and eventual segregation of any element, especially at the
electrode/dielectric and dielectric/Si interface, must be avoided [63].

Thermodynamic stability is the most critical factor in determining the
adaptability of binary oxides as a gate dielectric because, otherwise, when
in contact with Si, SiO2 formation may be favorable and result in a degrada-
tion of the capacitance. Hubbard and Schlom [64] reported a thermodynamic
study on most of the binary oxides to investigate their stability in contact
with Si. Based on their work, the high-k material systems can be classified as
a thermodynamically stable or unstable system.

The method employed by Hubbard and Schlom is to determine the M-Si-O
phase diagrams, where M is an element of the periodic table of choice for
silicon-compatible binary oxides [64]. The phase diagram contains silicon,
the binary oxide (MOx, M = metal), and the possible products of a reaction
between silicon and the binary oxide. Although at high temperature, binary
oxides have many possible reactions, considering the phase diagram of an M-
Si-O system, one can identify several key reactions. An analysis of the free
energies governing the relevant chemical reactions for ternary systems formed
between tantalum (Ta), titanium (Ti) and zirconium (Zr) and silicon and
oxygen gives the phase diagrams shown in Fig. 5.28. In the Ta-Si-O and Ti-
Si-O ternary systems, as shown in Figs. 5.28(a) and (b), Ta2 O5 and TiO2,
respectively, are not stable to SiO2 formation when placed next to silicon [65].

In contrast to the Ta and Ti systems, the tie lines in the phase diagram for
the Zr-Si-O system, indicate that the metal oxide ZrO2 and the compound
silicate ZrSiO4 are both stable in direct contact with Si up to high tempera-
tures. For the binary oxide to be stable in contact with silicon, a tie line must
exist between the MOx and silicon. There are three possible types of M-Si-O
phase diagrams. These are shown in Fig. 5.28 and referred to as “metal oxide
dominant,” “no phase dominant,” and “SiO2 dominant.” Thermodynamic
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data may be used to determine a particular M-Si-O system belongs to which
of these three types of phase diagrams. According to the thermodynamic cal-
culations, binary oxides shown in Table 5.3 are stable in contact with silicon
[64].

Though from a thermodynamic point of view, some metal oxides are stable
in contact with Si, this only implies that no reaction will occur if the pure
metal oxide sits directly on top of Si under equilibrium conditions, which is
definitely not the case during thin film deposition. The thin film deposition
process, in general, involves nonequilibrium processes, where the kinetics of
surface reactions will take over and determine the reaction products instead
of equilibrium thermodynamic predictions. In fact, complicated deposition
conditions and deposition ambient seldom make the deposition processes close
to equilibrium, resulting in nonstoichiometric thin films [66].

Unlike the high temperature needed for the growth of SiO2, the tempera-
ture used in most high-k dielectric deposition on Si can be made conveniently
low, typically less than 600oC. Different thin film deposition techniques have
been employed for the deposition of high-k gate dielectrics. These techniques
are usually divided into two main groups; physical vapor deposition (PVD)
and chemical vapor deposition. In general, in all PVD methods no chem-
ical exchange reactions should occur while in CVD the chemical reactions
play a crucial role in the deposition process. Two typical PVD techniques
are sputtering and evaporation, while metalorganic chemical vapor deposition
(MOCVD) and atomic layer deposition (ALD) are two typical CVD tech-
niques. To investigate the feasibility, both sputtering and CVD of HfO2,
ZrO2 , and Ta2O5 films have also been reported [58, 60, 67, 68].

It is also important to identify intrinsic limitations of the performance of
alternative high-k gate dielectrics. The most important is specifically the in-
troduction of an ultrathin interfacial SiO2 layer between the Si substrate and
the alternative dielectric. The interfacial layer can develop parasitically, dur-
ing the direct deposition of Si oxynitride, binary oxides, and silicate on Si sub-
strates. Alternatively, they can be introduced deliberately as ultrathin SiOx

or nitrided SiOx buffer layers to reduce interfacial bonding defects, and/or
to move fixed interfacial charge in the high-k away from the Si-dielectric in-
terface so that it resides at an internal dielectric interface where its effect on
threshold voltage and channel mobility is reduced.

However, to become a viable solution for SiO2 replacement, alternative high-
k gate dielectrics must exhibit low density of interface traps, excellent leakage
performance and reliable transistor action, such as good mobility and high
drive current. High-k gate dielectrics need careful evaluation for interface sta-
bility, thermal stability, process uniformity, and defect morphology/density.
Deposition of high-k metal oxide dielectric layers on SiGe, SiGeC and strained-
Si has been performed using microwave-plasma CVD of organometallic pre-
cursors [69, 70, 71, 72, 73, 74, 75, 76]. The oxides investigated so far, ZrO2

and HfO2, have dielectric constants in the range 20-30, and are thermodynam-
ically stable on these epitaxial films. Growth of high-k metal oxide dielectric
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layers on hydrophobic Ge (100) has also been performed using UV-ozone oxi-
dation of vapor-deposited metal precursor films [77]. In fact, these oxides are
sufficiently stable compared to GeO2, that they appear to prevent formation
of a low-k germanium oxide interface layer between the deposited dielectric
and the Ge (100) surface. This is a key requirement for use of the dielectric
in nanometer-scale transistors.

It now appears there is some consensus on the families of alternative gate
materials that will likely to be used in future CMOS technologies. HfO2 and
ZrO2 have particular potential, due to their compatibility with both polySi
and TaN gates. For hafnium and zirconium, major focus is now on the pure
metal oxides and their silicates and aluminates. Although Al2O3 has a high
crystallization temperature, a large bandgap and band offset, a low leakage
current, its k value is too low for the desired scaling of the equivalent oxide
thickness.

5.7.1 Microwave Plasma Deposition

Among the high-k dielectrics that are currently being considered as promising
candidates are Ta2O5, ZrO2 and TiO2, and HfO2. Mixed oxides and silicates
are also gaining interest as alternative high-k gate dielectrics. In the follow-
ing, we present the results of some study on the deposition and electrical
characterization of several high-k gate dielectrics on strained-Si on relaxed-
SiGe buffer. Emphasis will be given to the current conduction mechanisms in
these deposited gate dielectrics.

Prior to deposition, the strained-Si layers (on relaxed-SiGe) grown using
gas source molecular beam epitaxy, were chemically etched in H2O2:H2SO4

solution followed by a dip in 1% HF solution to remove the native oxide
layer. All the deposition was carried out in a microwave plasma chemical
vapor deposition system [78] using appropriate metallorganic precursor. For
the deposition of SiOxNy/Ta2O5 gate stack, SiOxNy layer was grown in a
microwave plasma (pressure 400 mTorr and temperature 150oC) by exposing
the strained-Si substrate to nitric oxide. Then the tantalum pentaethoxide
[Ta(OC2H5)5], vaporized from a bubbler kept at 150oC, was carried to the
quartz process/deposition chamber of the microwave (700 W, 2.45 GHz) cav-
ity discharge system via a heated gas line to prevent condensation. The pro-
cess chamber was maintained at a pressure of 400 mTorr during deposition.
During the Ta(OC2H5)5 decomposition, a complex set of chemical reactions
takes place, starting from the precursor solution (during film formation) until
an oxide network of metal-oxygen-metal bond is produced. In the temperature
range of 150-275oC, a self-controlled growth mode was achieved as physisorp-
tion is suppressed. During the CVD process, oxide molecules are also formed
from the pyrolysis of an alkoxide molecule, which basically is a thermal de-
composition of the metallorganic compound into its component elements as
shown in the following reaction: [79]
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FIGURE 5.29
X-ray photoelectron spectroscopy of the Ta 4f peaks in Ta2O5 films.

2Ta(OC2H5)5(g) Δ→ Ta2O5(s) + 5C2H4(g) + C2H5OH(g) + 2(C2H5)2O(g)
+ 2H2O(g).

For the deposition of TiO2 films, organometallic titanium tetrakis iso-
propoxide (TTIP) was used as a precursor and bubbler temperature was main-
tained at 45oC. Zirconium tetratert butoxide [Zr(OC(CH3)3)4] was used as
a source material for the deposition of ZrO2 films and was introduced in the
deposition chamber of the microwave cavity discharge system independently
from a bubbler kept at room temperature.

The film thicknesses were measured using a single wavelength (6328 Å) el-
lipsometer (model Gaertner L-117). The layer thicknesses were found to be
typically in the range of 120-140 Å for a typical deposition time of 90 s. For
the electrical measurements, metal insulator semiconductor (MIS) test ca-
pacitors were fabricated using the deposited dielectric layers with evaporated
circular aluminum contacts (area: 1.96×10−3 cm2) through a shadow mask.
The capacitance-voltage and current-voltage characteristics (including under
constant current stressing) were studied using the HP-4061A semiconductor
test system and an HP-4145B DC parameter analyzer, respectively.

5.7.2 Chemical Analysis

The surface chemical states of the as-deposited films were analyzed by x-ray
photoelectron spectroscopy. Nonmonochromatized Mg Kα (hγ = 1253.6 eV)
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FIGURE 5.30
XPS spectra of Ti 2P for the as-deposited TiO2 films on strained-Si layers.

FIGURE 5.31
Deconvoluted Zr 3d spectra of plasma-deposited ZrO2 films on strained-Si.
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TABLE 5.4

Electrical properties of several microwave plasma deposited high-k gate di-
electric films on strained-Si/SiGe heterolayers.

Substrate Oxide Process Qf/q Dit Ref.
type used (cm−2) (cm−2eV−1) )

strained-Si SiOxNy MWCVD 4.63×1011 2.3×1011 [61]
/Ta2O5

strained-Si TiO2 MWCVD 1.38×1011 1.18×1012 [85]
strained-Si ZrO2 MWCVD 1.15×1011 2.24×1012 [86]
strained-Si ZrO2 MWCVD 1.2×1011 3×1011 [35]

SiGe (x = 26%) HfO2 rf sputtering 1.4×1012 5.5×1011 [87]
SiGe (x = 18%) HfO2 rf sputtering - - [68]

FIGURE 5.32
I-V characteristics of several microwave plasma-deposited high-k gate di-

electrics. The leakage current is reduced by more than three orders of magni-
tude compared to SiO2.
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FIGURE 5.33
Current conduction mechanisms in ZrO2 films: (a) Schottky emission and

(b) Poole-Frenkel.

radiation was used at an angle 30o between the analyzer axis and normal to
the sample to investigate the chemical structure of the films from the shift of
the core-level binding energy. For the Ta2O5 films, the Ta 4f XPS peak (see
Fig. 5.29) is deconvoluted into two subpeaks. The two peaks are located at
28.7 eV and 26.8 eV with energy separation of 1.9 eV for Ta 4f5/2 and Ta
4f7/2 state, respectively. The Ta 4f peak shift of 0.6 eV toward higher binding
energy is attributed to the increasing oxygen content of the tantalum oxide
and the Ta 4f7/2 peak position at 26.8 eV is typical of Ta+5 chemical state in
Ta2O5 [80].

For the TiO2 films, to investigate the bonding chemistry, the Ti 2P spectra
were deconvoluted rather than the oxygen spectra because the peak position
of O 1S in TiO2 is the same as that of in TiO and Ti2O3. Fig. 5.30 shows the
Ti 2P XPS spectra of the as-deposited TiO2 films. The binding energy of Ti
2P3/2 and Ti 2P1/2 were observed at 458.3 and 463.9 eV, respectively, with
a separation of 5.6 eV between the peaks, which is a typical characteristic of
the Ti4+ in TiO2. Binding energy of O 1S for SiO2 appears at 533.5 eV and
that for TiO2 appears at 530 eV.

For the ZrO2 films, the XPS spectrum shows that the plasma-deposited
ZrO2 film has a typical ZrO2 chemical bonding structure (see Fig. 5.31). The
Zr 3d spectra show two peaks (deconvoluted) at 183.1 and 185.8 eV binding
energy and are both characteristic of fully oxidized Zr. Similar results have
also been reported by Miyazaki et al. [81] for ZrO2 films deposited directly
on Si. Guittet et al. [82] reported that the Zr 3d state binding energy is more
than 0.5 eV larger in ZrSiO4 than in ZrO2 , but there is no such peak for ZrSiO4
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in the film. The evidence of nonexistence of Zr-Si bonding suggests that Zr is
oxidized before it could react with Si to form Zr-Si bonds in ultrathin films.
The equivalent oxide thickness of the gate dielectric films were calculated
using the following expression [83]

EOT = εSiO2Tint/εint + εSiO2Thk/εhk (5.3)

where Tint and Thk are the thicknesses of the interfacial layer and high-k
film, and εSiO2 , εint and εhk are the dielectric permittivities of the SiO2, the
interfacial layer and the high-k film, respectively.

Fig. 5.32 shows the typical I-V characteristics of the MOS capacitors us-
ing various high-k gate dielectrics. Compared to SiO2, the leakage current
is reduced by more than three orders of magnitude for all the high-k gate
dielectrics. While thicker high-k layers can be used to prevent direct tunnel-
ing between the gate and substrate, thermionic emission is a serious concern,
particularly if the band alignment is not favorable. In general, with increasing
atomic number of the metal, the atomic (or ionic) radius increases and so the
cohesive force decreases, leading to a high dielectric constant but a narrow
energy gap [84]. As expected, the stress-induced leakage current (SILC) for
a constant current stressing of 300 s and 500 s, indicates a higher leakage
current at a low field due to stressing. The breakdown field for some of these
MOS capacitors was found to be between 2 and 5 MV/cm. The hysteresis
due to change of voltage sweep direction was found to be below 20 mV for
all the dielectric films. Table 5.4 summarizes some of the important electrical
properties for the microwave plasma-deposited high-k dielectrics.

5.7.3 Conduction Mechanism

To explain the current transport in ultrathin oxides, the Schottky emission
(S-E), Poole-Frenkel (P-F) emission, Fowler-Nordheim (F-N) tunneling, di-
rect tunneling, and space charge limited current mechanisms are commonly
employed. The Poole-Frenkel effect has been used to explain the conduction
in thin dielectric films with reasonable accuracy. In addition, recent inves-
tigations into thin films with high dielectric constants, have shown that the
current flow in these materials is bulk-limited by the P-F effect. The F-N
tunneling is usually considered to be the dominant conduction mechanism in
insulator of a MIS capacitor at a very high field on the order of 7-8 MV/cm,
whereas the P-F conduction is observed at a low field.

In the Poole-Frenkel conduction, it is known that the field enhances the
thermal excitations and lowers the Coulomb potential for traps in the oxide
to emit carriers to the conduction band of the oxide. The dominance of this
trap-assisted conduction mechanism comes from the fact that the dielectric
films are much thicker than the interfacial layer of SiO2, where the carrier
may tunnel through directly.
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The current, ISE due to S-E is expressed as follows: [88]

ISE = AT 2exp
−(qΦ − β

√
E)

kT
(5.4)

βSE =

√
q3

4πεoεr
(5.5)

The gradient of the S-E, M, is proportional to βSE , and from Eqn. 5.5, one
can express M as

M =
βSE

ξkT
(5.6)

where A is a constant, Φ the Schottky barrier height, εr is the dielectric
constant of the insulator, εo is the permittivity of the free space and E is the
electric field. The S-E mechanism gets modified to the P-F mechanism if the
conduction is governed by carriers that are thermally emitted from trapped
centers under a strong electric field.

The Poole-Frenkel effect is often used to explain electronic conduction in
thin dielectric films. A first-order model [89] for the current due to the P-F
effect has been used to explain the I-V characteristics. For the electron to be
emitted from the trap, and be available for conduction, it must gain sufficient
energy to surmount the peak of the potential energy barrier. The general
expression for the P-F current (IPF ) is given by: [88]

IPF = CEexp[
−(qΦ − βPF

√
E)

ξkT
] (5.7)

where C and k are the proportionality constant and Boltzmann constant,
respectively. qΦ is the ionization potential in eV, which is the amount of
energy required for the trap electron to escape the influence of the positive
nucleus of the trapping center when no field is applied. βPF

√
E is the amount

by which the trap barrier height is reduced by the E. The factor ξ in the
denominator of the exponential may vary between 1 and 2, depending on the
amount of acceptor concentration.

The Poole-Frenkel constant, βPF is given by

βPF =

√
q3

πεoεr
(5.8)

ln[
I

E
] =

βPF

ξkT
·
√

E + [lnC − qΦ
ξkT

] (5.9)

which is also referred to as the P-F plot, and a region of linearity in an exper-
imental plot of ln[I/E] vs.

√
E is taken as an indication of P-F conduction.

The gradient of the P-F, M1, is proportional to βPF , and from Eqn. 5.9, one
can express M1 as

M1 =
βPF

ξkT
(5.10)
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In the following, the leakage current conduction mechanism in microwave
plasma-deposited ultrathin high-k gate dielectrics films at room temperature
is discussed. The logarithm of the current for the ZrO2 films is plotted against
the square root of electric field and is shown in Fig. 5.33(a). A straight
line, obtained at low electric fields (≤ 0.7 MV/cm)1/2, implies the Schottky
emission. At a higher electric field, the conduction is governed, however, by
a different mechanism. In Fig. 5.33(b), the logarithmic current divided by
the electric field is plotted as a function of the square root of the electric field
[ln(I/E) vs. E1/2]. A straight line is obtained also at a higher electric field (≥
0.7 MV/cm)1/2, suggesting that the leakage current at a high electric field is
due to the P-F conduction mechanism. From Fig. 5.33(a), the value of M1 is
found to be 5.4×10−3.

In order to study the temperature dependence of interface states in detail
for the SiOxNy/Ta2O5 stack, I-V characteristics were measured at several
temperatures in the range of 25-160oC and is shown in Fig. 5.34. To determine
the dominant leakage current mechanism, a plot of ln(J/E) vs. E1/2 (P-F
mechanism) has been used (Fig. 5.35). SiOxNy/Ta2O5 gate stack clearly
shows a linear relationship and the conduction mechanism is dominated by
the P-F mechanism at a low field and high temperature.

5.7.4 Reliability Issues

High-k gate dielectrics are known to be “trap-rich” materials. Relatively
thick high-k dielectrics provide researchers a unique opportunity to study the
dielectric degradation process under extremely high electric field under differ-
ent conditions such as Fowler-Nordheim and direct tunneling current injection
[90, 91, 92]. Efforts are being made to improve high-k dielectrics characteris-
tics. For example, NH3, forming gas anneals and O3 surface treatment have
been shown to reduce the interface states [93, 94]. The origin of traps in high-
k dielectrics, however, still remains a question. In order to evaluate reliability,
it is necessary to pinpoint the factors that influence the breakdown of high-
k dielectrics. The parameters that are experimentally measured to evaluate
the reliability of high-k gate materials from MOS devices must be carefully
collected by statistical methods.

The dielectric reliability of the high-k gates are evaluated by measuring
the time-to-breakdown during constant voltage or constant current stressing
[95]. It is important to study the issues such as soft and hard breakdown.
As the physical and chemical nature of the interface layer plays an important
role, defect generation rates, polarity dependence due to asymmetric band
structure, charging effect by pre-existing traps, thickness dependence, area
scaling, and AC stressing studies are also necessary [96]. Most gate dielectric
reliability testing makes use of DC stressing because of simplicity. However,
in an actual circuit, gate dielectrics are, in general, under dynamic stressing
which, however, leads to higher time-to-breakdown than static DC stressing
due to reduction of charge trapping in the dielectrics.
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FIGURE 5.34
I-V characteristics of SiOxNy/Ta2O5 gate stack at different temperatures.

The I-V data shows Poole-Frenkel emission over the whole range until the
breakdown voltage.

FIGURE 5.35
Current conduction mechanism in SiOxNy/Ta2O5 gate stack: Poole-Frenkel.
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Till now, the reliability studies on the high-k gate dielectrics have raised
many questions. So far the SiO2-dominated breakdown mechanisms have
been extended to high-k. It is still not known how the microscopic structure
of the high-k layer influence degradation and breakdown. And finally, to what
extent is the knowledge acquired on SiO2 reliability transferable to high-k gate
dielectrics.

5.8 Gate Dielectrics on Ge

Since Ge inversion layer mobility is the key metric in comparison to tradi-
tional Si transistor technology, the integration of a reliable gate stack is very
important in exploiting the benefits of Ge transistor technology. Germanium
oxynitride [97], aluminum oxide, hafnium oxide, and zirconium oxide [98] high-
k dielectrics have been implemented with Ge channel transistors with varying
degrees of success. However, as with the integration of high-k gate stacks
with Si, no completely satisfactory solution has been demonstrated with Ge
channels. This in part has led to less than anticipated mobility enhancements
for holes and typical electron mobilities that are inferior to that of Si. For
methods that use epitaxial Ge layers, thin layers of Si, which preserve the
gate oxide integrity, have been used to cap the Ge channel layers. Relaxed
and biaxially strained embodiments of Ge transistors using Si capping layers
have markedly better mobility characteristics (2-10×) than Si control transis-
tors [99]. Some questions about properties of Ge in such applications require
further analysis. Ge has a smaller bandgap than Si, which can cause junction
leakage problems. In addition, the saturated high field drift velocity of charge
carriers in Ge is somewhat lower than that of Si. Further experiments and
simulations are needed to fully establish the benefits and trade-offs of modern
Ge electronics. As the benefits are established, the optimum substrate and
transistor embodiments will become clearer.

5.9 Summary

In this chapter, we have discussed the strain state, film, and surface mor-
phology of strained-Si layers on SiGe virtual substrates grown by GSMBE
and UHVCVD techniques. It is shown that compared to solid-source molec-
ular beam epitaxy or chemical vapor deposition, the surface roughness in-
creases significantly in the GSMBE-grown SiGe virtual substrates as the Ge
concentration and/or the growth temperature exceeds 600oC. We have dis-
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cussed the kinetics and mechanisms of thermal and rapid thermal oxidation
of strained-Si/SiGe heterolayers. Beyond 800oC, Ge is found to diffuse into
strained-Si layer. It has been shown that a large-scale cross-hatching, inher-
ent in a relaxed-SiGe layer, leads to an increase in strained-Si/SiO2 interface
roughness. The surface morphology of the graded buffer needs to be improved.
Modification of the epitaxial growth methods to minimize the undulating SiGe
morphology and chemical mechanical polishing are expected to improve the
strained-Si surface.

The oxidation of strained-Si/SiGe heterolayers by microwave plasma offers
several advantages over conventional thermal oxidation. Movement of Ge
atoms into strained-Si is found to be minimum for rapid thermal annealing
at 800oC for 30 min or at 900oC for 3 min. Significant atomic scale diffusion
of Ge into the strained-Si channel will result otherwise, leading to a marked
reduction in the electron mobility. However, the introduction of SiGe-free
strained-Si films on insulators is promising for a wider process temperature
window.

Electrical properties of the microwave plasma-deposited high-k gate di-
electrics have been presented, as well as microstructures of the oxide/substrate,
and strained-Si/SiGe/Si substrate interfaces. It is shown that the high-k di-
electrics on strained-Si layers can make it possible to avoid, in addition to the
large leakage current, the strain relaxation and dislocation propagation. It is
important to note that, to suppress these problems in strained layers, all pro-
cessing temperatures and time should be carefully optimized according to the
device needs, such as the oxide thickness, degree of strain, and the thickness
of the strained layer.

Interfacial and electrical properties of the deposited high-k gate dielectrics
such as Ta2O5, TiO2, and ZrO2 films were characterized using capacitance-
voltage, current-voltage and conductance-voltage techniques. The C-V char-
acteristics exhibit a frequency dependence due to the presence of interface
traps. The leakage current conduction has been found to be dominated, in
general, by the Schottky emission at a low electric field, whereas Poole-Frenkel
emission takes over at a higher electric field.
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6

Heterostructure SiGe/SiGeC MOSFETs

The increasing demand for wireless communication products is translating
into innovation in system architecture, as well as circuits design methodology
and techniques. At the core of these approaches is high emphasis in find-
ing the right integrated chip that provides small size, low cost, fewer off-chip
components, better integration, and low operating voltage. To serve these
needs, III-V semiconductors such as GaAs have been used successfully so far.
However, the integration of highly complex digital circuits on GaAs is often
prohibitive because of high cost, limited wafer size, processing complexities,
and poor yield. The maturity, integration level, and low-cost aspects of Si
technology make it attractive for this high-volume marketplace. Besides its
superiority at intermediate frequencies, the recent advances in Si/SiGe het-
erostructure devices and circuits allows it to be competitive with GaAs at
microwave and millimeter wave frequencies.

The availability of SiGe-HBT BiCMOS technology [1, 2] with both very
high performance HBTs (fmax = 300 GHz) and 90-nm gate length CMOS
for logic and memory offers the possibility of combining analog and digital
components on the same chip, resulting in a new “single chip” architecture.
Compressively strained-Si1−xGex provides an avenue to improve hole mo-
bility and thus increase p-MOSFETs drive current. The first report of en-
hanced mobility Si1−xGex p-MOSFET was by Nayak et al. [3]. The SiGe
heterostructure field-effect transistors (SiGe HFETs) is presently catching up
in high-frequency performance due to higher mobilities in 2D electron and
2D hole within strained-Si channel [4, 5]. A 90% mobility enhancement for
Si0.7Ge0.3 on SIMOX over identical Si control devices was reported.

The enhancement electron mobility in strained-Si layers compared to bulk-
Si has been a subject of great interest, and offers the promise of high-speed
devices based on Si technology. 2D electron gases (2DEGs) were created
at a Si/SiGe heterointerface in thin tensile strained-Si layers deposited on
layers of relaxed-SiGe alloy, using Si epitaxy. Modulation doping was used
to reduce carrier scattering to form a structure similar to 2DEGs in III-V
material systems, separating the doped region from the conduction channel
region. Si/SiGe 2DEGs have been found to have high electron mobilities at
a low temperature and have opened up the possibility of improving the room
temperature performance of Si devices.

The Si1−xGex device is in general a buried-channel device because a high-
quality gate oxide cannot be grown on Si1−xGex; thus a Si cap is necessary on
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top of the Si1−xGex to enable the growth of a thermal gate oxide. In order to
maximize performance in buried-channel Si1−xGex p-MOSFETs, the Si cap
needs to be as thin as possible, though there are trade-offs. Thicker Si caps de-
grade gate capacitance, but very thin caps lead to increased surface roughness
scattering [6]. SOI MOSFETs show a performance advantage over conven-
tional Si MOSFETs because of improved device isolation, reduced parasitic
capacitance, lower power consumption, better subthreshold swing, and higher
current drive. In order to get higher hole confinement in the strained-SiGe-
channel, SiGe p-MOSFETs have been demonstrated on a silicon-on-insulator
structure using SIMOX [7]. Improved quantum confinement at the SiGe-well
on SIMOX substrate compared to SiGe on Si substrate was reported using
photoluminescence (PL) measurement.

The growth of high-quality Si/Si1−xGex/Si structure on SIMOX has been
demonstrated. The SOI structure consists of a Si-cap layer on a strained-
Si1−xGex on buried-oxide-layer. From the viewpoint of device technology,
however, the biggest concern is the floating-body effect, which is known to
manifest itself as lowering of abnormal subthreshold slope. To suppress the
floating body effect in SOI MOSFETs, Yoshimi et al. [8] have employed
bandgap engineering using a SOI SiGe structure. Mathew et al. [9] demon-
strated the enhanced low-field mobility, transconductance, and noise figure
performance for SiGe MOSFETs using silicon-on-sapphire technology. Re-
ported room- and low-temperature hole mobility enhancement using SiGe-
channel was seen to vary from 30% to 70% (depending upon Ge concentra-
tion) over that of Si. Yeo et al. [10] reported a SOI SiGe p-channel MOSFET
with 50-nm channel length. Enhanced drive current (70%) was reported [10]
due to the introduction of Si0.7Ge0.3 on SOI structure.

In chapter 4 on electronic properties of strained-Si, it has been shown that
electron or hole confinement in structures (for n-HFET or p-HFET) require
more complex growth techniques for the strained-Si on relaxed thick SiGe
layers and are limited in terms of processing thermal budget. In contrast,
the p-HFET is more easily realized, since it involves the growth of strained-
Si1−xGex epitaxial films on a Si substrate. In this device, the Si1−xGex quan-
tum well acts as a channel for holes between the source and drain regions
of the device as shown in Fig. 6.1. Improved electrical characteristics of
this device over the conventional surface channel Si p-MOSFET are results of
improved carrier transport, quantum confinement, and buried-channel opera-
tion. p-HFETs provide quantum confined carrier conduction with high carrier
mobility, which is critical for high-frequency Si-based integrated circuits.

A number of variants of the basic SiGe-HFET have been reported, such as p-
HFETs built on SOI substrates and SiC/SiGeC channel devices. Vertical SiGe
and SiGeC p-HFETs are also attractive for ultrashort channel devices because
the channel length is determined by the thickness of an epitaxial layer and not
by the lithography resolution. Poly-Si1−xGex has shown a great potential as
a gate material due to its tunable work function, process compatibility, and
favorable electrical properties, such as low sheet resistance, and high dopant
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TABLE 6.1

Several important material parameters for C, Si, and Ge.
Element Atomic Lattice Lattice Structure, Bandgap

No. Const. (Å) mismatch Bond length (Å) (eV)
to Si (%)

C diamond 6 3.567 -34.32 diamond, 1.55 5.48
Si 14 5.431 0 diamond, 2.34 1.11
Ge 32 5.657 + 4.17 diamond, 2.44 0.664

activation rate.
In this chapter, a review on the present status of silicon heterostructure

field-effect transistors in the SiGe and SiGeC material systems is presented.
The physics and modeling of submicron p-HFETs are explored, using numer-
ical simulation to determine the potential applications in ULSI circuits. The
key design issues such as Ge mole fraction, gate oxide thickness and choice
of gate contact material have been considered in detail. The choice of the
cap layer thickness for a buried SiGe channel is an important issue, having
bearing on the performance of a p-HFET, and due consideration is given.

Design and simulation issues for advanced SiGe p-MOSFETs have been
investigated. Charge distribution in the Si-cap and SiGe-well of Si1−xGex

buried-channel MOS capacitor structures has been calculated using analytical
model and 1D Poisson solver. Semi-analytical model, 1D Poisson solver and
Silvaco-ATLAS tools have been used to optimize the Si1−xGex channel p-
MOSFETs device performance for the modulation-doped structure. Results
of simulation of strained-Si HEMTs investigated by 2D device simulator using
Silvaco-ATLAS are also presented.

6.1 SiGe/SiGeC: Material Parameters

Several material parameters for strained-Si and relaxed-SiGe are needed (see
Table 6.1) for the device design and modeling, viz., the band offset encountered
in strained layers, doping-induced bandgap narrowing, and the carrier mobil-
ity. Although Ge is completely miscible in Si, epitaxial films of Si/Si1−xGex

can be either in biaxial compression or tension, depending on the lattice con-
stant of the substrate on which it is grown because of their larger lattice
mismatch (4.2%). Silicon strained in biaxial tension results in a type-II band
offset [11], and fairly large band offset (in order of 100 meV) in both the va-
lence and conduction bands, relative to the relaxed-Si1−xGex substrate. This
allows tailoring of the band structure to confine both holes and electrons.
On the other hand, under biaxial compression strained-Si1−xGex produces a
type-I band offset, i.e., the entire band offset occurs in the valance band while
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band offset in conduction band is very small. Under biaxial strain, both the
strained-Si and strained-Si1−xGex bandgap are reduced compared to its bulk
value, which has empirically been determined as

ESi
g (x) = 1.11− 0.4x, ESiGe

g (x) = 1.11− 0.74x (6.1)

for strained-Si and strained-SiGe, respectively, where x is the the Ge con-
centration in Si1−xGex substrate. The conduction band discontinuity, ΔEc,
for strained-Si grown on a relaxed-Si0.7Ge0.3 buffer, has been reported to be
160 meV [12]. This amount of conduction band discontinuity is sufficient to
confine electrons in the strained-Si channel at 300 K and has been utilized for
the fabrication of strained-Si channel HEMT.

Although several doping-dependent bandgap narrowing models have been
proposed for silicon [13, 14], very little information is available in the liter-
ature for strained-Si. In simulation, we assume that the bandgap narrowing
due to heavy doping in strained-Si layers to be the same as in silicon. This as-
sumption is reasonable for doping concentrations up to approximately 1x1017

cm−3. Also, the doping-induced bandgap narrowing model [15] for Si is used
for SiGe layers. This approach has the advantage that any difference in the
simulation of Si and strained-Si HEMT can be unambiguously attributed to
heterojunction action, rather than differences in model parameters.

The other important model parameter in a device simulation is the carrier
mobility. It is necessary to take into account the enhancement mobility in
strained-Si. In strained-Si, the strain releases the six-fold degeneracy of the
conduction band and is split into two lowered and four raised Δ-valleys, while
reverse occurs in strained Si1−xGex. The lower Δ⊥-valley exhibits a lower
transport mass and, due to the splitting of the valley, intervalley scattering
is reduced. As a result, the electron mobility is increased. In simulation, the
low-field electron mobility for strained-Si channel has been modeled following
Vogelsang and Hofmann [16], who calculated the electron mobility for dif-
ferent values of x. For doping dependence of strained-Si mobility, the Arora
mobility model for Si is modified by using an analytical expression involving
Ge fraction, x, of the substrate as follows:

μp = μminTα
n +

μoT
β
n

1 + ( N
Nref

)δT γ
n

(6.2)

where Tn = T/300, and μmin and μo can be fitted as

μmin = 44 − 20x + 850x2; μo = 400 + 29x + 4737x2 (6.3)

The temperature dependence parameter α, β, and γ are assumed same as
Si and are shown in Table 6.2. On the other hand, the incorporation of Ge
introduces alloy scattering in strained-SiGe layers and the strain affects the
mobility through the reduction in the effective masses. The alloy-scattering-
limited mobility components along perpendicular and parallel to the growth
direction for coherently strained-Si1−xGex is given by, respectively, [17]
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TABLE 6.2

Hole mobility parameters for
strained-SiGe.
Nref (cm−3) α β γ δ
2.35×1017 -0.57 -2.23 -2.546 0.90

μalloy
⊥ =

5.5 × 1018 · T
22.0 · Nc · x(1 − x) · m2

t

(6.4)

μalloy
‖ =

5.5 × 1018 · T
4.0 · Nc · x(1 − x) · m2

l

(6.5)

where Nc is the effective density of states for Si and x is the Ge mole
fraction. It is noted that the alloy mobility decreases with increasing Ge
content. The parallel component μSiGe

‖ and perpendicular component μSiGe
‖

of electron mobility in SiGe can thus be obtained by simply using Mathiessen’s
rule using the parallel and perpendicular to the growth plane Si mobility. The
individual component of electron mobility of Si is expressed as [17]

μsi
⊥ =

3μsi
mt

ml
+ 2

, μsi
‖ =

3μsi

2(ml

mt
) + 1

(6.6)

where ml and mt are longitudinal and transverse density of state masses in
Si and μSi is the electron mobility in Si and is given by Eqn. 6.6, where μmin

= 44 and μo = 400. Finally, the total electron mobility for the growth plane
of strained SiGe for Ge fraction greater than 20% can be approximated as

μSiGe
xx =

μSiGe
⊥ + μSiGe

‖
2

(6.7)

The hydrodynamic model used in simulation includes the effects of carrier
heating by the self-consistent solution of the drift-diffusion and energy bal-
ance equations. The low-field mobility is in turn determined by solving the
homogeneous carrier temperature equation:

μE2
eff =

3K

2q
· Tn − TL

τe
(6.8)

where μ is carrier mobility, Tn is the carrier temperature, TL is the lattice
equilibrium temperature, and τe is the energy relaxation time. The effective
electric field can then be used in the Caughey-Thomas expression for mobility
[18]. However, the saturation velocity of strained-Si has been reported to be
approximately the same as that of bulk-Si [19, 20].

The dielectric constant of a material determines how strongly it adjusts its
electron distribution to an applied electric field. In case of Si1−xGex alloys,
the effect depends on the polarizability of the atoms of the materials, and
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FIGURE 6.1
Device structure for a typical SiGe-channel p-HFET fabricated in a strained-
SiGe layer with a Si-cap layer. Layer thicknesses shown are typical.

the crystal structure formed by the Si1−xGex alloy is essentially the same
as that of a pure Si or pure Ge crystal. However, the dielectric constant of
strained-Si is assumed to be 11.9 and for Si1−xGex, it is obtained from a
linear interpolation of dielectric constant for that of Ge and Si, and is given
by expression

εSiGe(x) = εSi + x(εGe − εSi). (6.9)

6.2 SiGe Hetero-FETs: Structures and Operation

Currently, high-performance bipolar and BiCMOS SiGe technology are being
extensively used for RFIC applications. The major advantage of SiGe is its
compatibility with conventional CMOS technology and both field-effect and
bipolar devices may be fabricated on a single Si chip [21]. For MOSFETs,
various types of channel have been proposed; surface channel in which car-
riers propagate along the surface, while in the buried-channel device, added
advantages of improved immunity to hot-carrier degradation over the surface-
channel device are obtained. The buried-channel operation has been known
to yield a higher carrier mobility due to reduction in the field and avoids
surface scattering. However, buried- and surface-channel MOSFETs behave
similarly in long channel regime. A substantial difference (threshold voltage
lowering and poor turnoff characteristics) is observed in device operation in
short-channel region.

The SiGe p-HFET with a general structure similar to a conventional MOS-
FET is shown in Fig. 6.1. It has an n+- (or p+)-polySi or poly-SiGe gate
over a thin gate oxide, with p+ source/drain regions in a n-type body. The
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main distinctive features are the buried SiGe layer and the optional p+ dop-
ing spike (δ-doping) located below it. The SiGe layer actually constitutes a
subsurface quantum well channel for holes between the source/drain regions.
It is required to be buried below a Si-cap because a high-quality gate oxide
directly on SiGe using thermal techniques is difficult to obtain. If such a direct
oxidation of SiGe is attempted, the Si is preferentially oxidized, leading to a
pile-up of Ge at the SiGe/SiO2 interface [22, 23]. Plasma-enhanced chemical
vapor-deposited oxides do not have significantly lower interface state densi-
ties, since the initial stages of this process consist of oxide growth and not
deposition [24]. The interface state density of such oxides is greater than 1012

cm−2eV−1, a figure unsuitable for proper operation of a field-effect device.
Stoichiometric oxides formed directly on SiGe using low temperature plasma
techniques have been reported [25, 26] and microwave/ECR plasma-grown
oxides have been used for device fabrication [27].

The various studies have shown that the formation of low-mobility surface
parasitic channel in conventional Si/Si1−xGex heterojunction p-MOSFETs
greatly reduces their performance advantage over conventional p-MOSFETs
[3]. To reduce the population of the parasitic channel, Si/Si1−xGex hetero-
junction p-MOSFETs with a buried δ-doping layer have been proposed by
some researchers. Sadek et al. [28] have demonstrated that the δ-doping layer
helps to reduce the parasitic channel to a minimum and the resulting design
has a big advantage over conventional MOSFETs in drain current driving abil-
ity. In particular, the effects of layer thickness, δ-doping dose and potential
well depth on device performance are very important.

Several research groups have fabricated SiGe-channel p-HFETs, mostly us-
ing conventional Si processing technology, and performance enhancement com-
pared to bulk-Si devices has been reported [3, 6, 7, 27, 29, 30, 31]. In some
designs the Ge profile was graded to optimize the hole confinement and mod-
ulation doping (δ-doping) was used to adjust the threshold voltage. Such a
SiGe-channel p-HFET is also known as a modulation doped SiGe p-MOSFET
(MODMOS) [6].

Other possible configurations of MOSFETs using strained-Si1−xGex include
a single layer of thin strained-Si grown on top of the relaxed-Si1−xGex buffer
layer. This layer is oxidized to form gate oxide. The structure shows the
type-II band offsets and has several advantages over the more common type-I
band alignment, as a large band offset is obtained in both the conduction and
valence bands, relative to the relaxed Si1−xGex layer [32]. This is favorable
for both the electron and hole confinement, making it useful for both n- and p-
type devices for strained-Si/SiGe-based CMOS technology [33, 34]. To reduce
the carrier population in the surface channel, Si/Si1−xGex heterojunction p-
MOSFET with a buried δ-doping layer, separated by a Si spacer layer, have
been proposed by several researchers [28, 35, 36]. The doping spike performs
two functions viz., (a) it creates a retarding electric field for holes at zero gate
bias to suppress source/drain leakage current (threshold adjust), and (b) it
provides holes for the Si1−xGex channel for improved device transconductance.
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FIGURE 6.2
A cross-sectional schematic of a Si1−xGex quantum well MOS structure and

band diagram for an arbitrary negative gate bias. After S. Maikap, Ultra-
thin Dielectrics on SiGe/SiGeC Layers for Heterostructure MOSFET Appli-
cations, Ph.D. Thesis, Indian Institute of Technology, Kharagpur, 2001.

In the following, we present a comprehensive design trade-off study as func-
tions of device parameters for p+ δ-doped Si/Si1−xGex heterojunction MOS-
FETs as shown in Fig. 6.2. We shall define design constraints and per-
formance trade-offs, such as short-channel immunity, off-state leakage and
on-state driving ability, in terms of device parameters. Device performance
then is examined as a function of layer thicknesses, potential well depth, and
δ-doping spike. Finally, a design space construction example is used as a sum-
mary of the design procedure. Silvaco-TCAD tool is used to investigate the
design and fabrication of submicron p-Si1−xGex heterostructure MOSFETs
with and without p+-δ doping spike.

An ideal MOS structure is shown in Fig. 6.2, which consists of the following
layer sequence: Si substrate; p+-doping spike; Si spacer layer; SiGe quantum
well; Si-cap layer; oxide and gate metal. It is assumed that the semiconductor
region is doped uniformly throughout with Nd donors/cm3, with the excep-
tion of the p+-doping spike which is doped with NA acceptors/cm3 , and thin
enough so that it is fully depleted at zero gate bias. The band diagram shown
in Fig. 6.2 is for an arbitrary negative gate bias condition and defines the no-
tation used throughout this section. The treatment presented below utilizes
quantum mechanical description for mobile charge distributions in the Si-cap
and in the SiGe layers, denoted by Qcap and Qwell , respectively. The gate
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potential is related to the internal charges and potential viz.:

Vg = ψs + Vox + VFB (6.10)

where ψs is the internal electrostatic potential at the Si/SiO2 interface, Vox

is the voltage drop across the oxide due to free carrier and depletion charges
within the device, and VFB is the flatband voltage, and the total charge is
given by

Qtot = Qcap + Qwell + Qdep (6.11)

where Qcap = -qNdtcap and Qwell = -qNdtwell .
In structures that do not contain any doping spike and a spacer layer, the

carrier distribution computation begins approximately at the flatband voltage.
For a device that does contain p+-δ doping and a spacer layer, the layer is fully
depleted and the doping spike can be treated as a sheet of negative charge,
similar to the fixed oxide charge in a conventional Si MOS structure.

To find the free carrier density in the SiGe layer (Qwell), the region is treated
as a quantum well for holes due to the observation that most of the bandgap
discontinuity between strained-SiGe and Si resides in the valence band. Using
the infinite well approximation, the eigen energy:

En =
π2h2n2

2m∗
‖t

2
well

, (n = 1, 2, 3, .....) (6.12)

with the carrier wave function, φ
(0)
n , given by:

φ(0)
n =

√
2

twell
sin

[
nπx

twell

]
(6.13)

where the effective mass, m∗, refers to the longitudinal effective mass since
quantization is occurring along the z direction [37]. The areal hole density
(pwell) is then obtained by multiplying the two-dimensional density of states
with the Fermi integral of order zero:

pwell =
2m∗

d

π�2

∫ El

−∞

dE

1 + exp[(E − Ef)/kT ]
(6.14)

where md
∗ refers to the density-of-states effective mass of the heavy hole

band at the Brillouin zone center [38]. A hole degeneracy factor of two is
used in the above rather than the conventional value of four since the strain
in the SiGe layer lifts the degeneracy at the zone center between the heavy
hole and light hole bands. The foregoing derivation for pwell is only valid for
the condition where there is no potential variation across the well (i.e., ψw =
ψrw). With an applied gate bias, the eigen energies change (Stark shift) and
can be approximated to first order using nondegenerate perturbation theory
as:
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En = E(0)
n + Hnn (6.15)

where En
(0) are unperturbed eigen energies and Hnn = (|ψw-ψrw|)/2, rep-

resents the nth level perturbation matrix element. The areal electron density
in the SiGe layer can be computed for a given hole density from the law of
mass action:

nwell =
(ni

SiGe)2twell
2

pwell
(6.16)

where ni
SiGe is the intrinsic carrier concentration in Si1−xGex. The net

areal mobile charge density in the SiGe layer is the difference between the
areal hole and electron charge densities, Qwell = q(pwell-nwell).

For larger band bending at the Si/SiO2 interface, the Boltzmann approx-
imation fails to account for the degenerate buildup of carriers. Under these
conditions, the Si-cap be treated as a quasitriangular potential well for holes.
In this case, the Si/SiO2 interface is treated as an infinite potential barrier,
and eigen energies within the triangular well are approximately given by [39]:

En =

[
�
2

2m∗

]1/3[
3πα

2
(n +

3
4
)

]2/3

(6.17)

where α = q(|ψs-ψw|)/tcap is related to the slope of the triangular well.
Similar to the two-dimensional formulation used, pcap is found to be:

pcap =
4kTm∗

d

π�2

i∑

n=0

ln{1 + exp

[
(En − Ef)

kT

]
} (6.18)

where md
∗ refers to the density-of-states hole effective mass for Si and the

factor of four accounts for the degeneracy between the heavy and light hole
bands at the zone center. The sufficient confinement is defined at the calcula-
tion index where the difference, | qψs-qψw |, exceeds the ground state energy
(n = 0). Carrier distribution in the Si-cap and SiGe-well as a function of gate
bias depends on the charge distribution in the heterolayers using electrostatic
potential calculation.

In the following, the charge distribution in the surface (Si-cap) and buried
SiGe-channel of Si1−xGex p-MOSFETs under various gate biases using semi-
analytical model is presented. The model is based on analytical, quantum
mechanical descriptions for hole charge in the SiGe quantum well and Si-cap,
and requires no ad-hoc fitting parameters. The charge screening effect that
limits the maximum number of charge carriers in the SiGe layer is explicitly
revealed using this formulation.

The critical design parameters for SiGe-channel p-MOSFETs are the choice
of gate material, the method of threshold voltage adjustment, the SiGe profile
in the channel, the Si-cap and well thickness, and gate oxide thickness. The
key design parameter of a MOSFET is the device transconductance. This
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FIGURE 6.3
Hole distributions using 1D Poisson’s solver as a function of gate voltage

for n+- and p+-poly-gate devices. After S. Maikap, Ultrathin Dielectrics on
SiGe/SiGeC Layers for Heterostructure MOSFET Applications, Ph.D. Thesis,
Indian Institute of Technology, Kharagpur, 2001.

can be enhanced by maximizing the number of high-mobility holes confined
to the SiGe channel while minimizing the density of low-mobility holes, which
flow at the Si/SiO2 interface. δ-doping spike has been used to enhance the
transconductance and better control of threshold voltage adjustment of the
device.

The choice of gate material has a significant effect on the turn-on charac-
teristics of the p-MOSFETs. [6]. In Fig. 6.3, the hole distribution in SiGe
channel and Si cap layer as a function of gate voltage is given for n+- and
p+-gate Si1−xGex quantum well p-MOSFETs using 1D Poisson’s solver. The
baseline structure parameters are used to calculate the hole distribution in
Table 6.3.

The hole confinement shows identical nature for both p+- and n+-poly-gate
Si1−xGex p-MOSFETs. The threshold voltages are different due to different
work functions. The amount of shift is equal to Si bandgap. But, the thresh-
old voltage for SiGe MOSFET is lower than that of Si MOSFETs. It may
be explained as due to the introduction of energy band discontinuity in the
valence band of the Si/Si1−xGex interface. Analytically, the SiGe threshold
voltage can be expressed as [6]
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TABLE 6.3

Parameters for baseline structure. After
S. Maikap, Ultrathin Dielectrics on
SiGe/SiGeC Layers for Heterostructure
MOSFET Applications, Ph.D. Thesis,
Indian Institute of Technology,
Kharagpur, 2001.

Parameter Value
Work function, φg (eV) n+ poly

Oxide thickness, tox (nm) 8
Cap layer thickness, tcap (nm) 5

Well thickness, twell (nm) 10
Ge mole fraction, x 0.3

Channel doping, Nd (cm−3) 1×1016

Vt(SiGe) = Vt(Si) − Qchannel/Cox + Qt
channel/Ceff − ΔEv/q (6.19)

where Vt(Si) is defined as the onset of strong inversion in a Si MOSFET.
Qchannel is the charge in the depletion region of a Si MOSFET. Cox is the
oxide capacitance. Qt

channel is the background charge in the SiGe channel
and in the depleted region underneath the SiGe channel. Cox is replaced by
Ceff , which is the series combination of the oxide capacitance and the Si
cap capacitance. ΔEv is the valence band offset at the Si/SiGe interface. The
bandgap narrowing is approximately 74 meV per 10% Ge introduced and 97%
of this offset occurs in the valence band. This difference in threshold voltage
between Si and SiGe MOSFET is valid provided that the hole density in the
cap layer is negligible at turn-on voltage. This implies the use of thin Si cap
layer.

The holes are mostly confined to the quantum well at the buried-channel
threshold voltage (Vt). If a p+ polysilicon gate is used with a buried-channel
p-MOSFET, then the device operates in depletion mode, that is, it is nor-
mally on. However, if an n+-polySi gate is used, then the device threshold
voltage is shifted negatively by approximately 1 V (silicon’s bandgap). Con-
sequently, the buried-channel device operates in enhancement mode with the
buried-channel carrier transport properties determining the MOSFET elec-
trical characteristics at low-gate biases. When the gate voltage is decreased
to about -1.5 V for n+-gate and -0.5V for p+-gate polysilicon, the number of
holes in the parasitic Si cap layer exceeds those in SiGe quantum well. As the
gate voltage is decreased further, the hole concentration in the Si cap layer
increases rapidly, while the hole concentration in the SiGe channel remains
almost constant. This is because the holes at the Si/SiO2 interface shield the
vertical field, and any additional decrease in gate voltage appears only across
the gate oxide and the charge screening effect.
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FIGURE 6.4
Low-frequency (LF) C-V characteristics of a SiGe-MOS capacitor as a func-

tion of Ge composition. After S. K. Samanta et al., Proc. IWPSD-2003,
2003(540-542).

For an optimal epitaxial structure, the crossover voltage should occur at
a large negative gate bias and with a high hole density in the SiGe channel.
To promote high-speed operation, the p-MOSFET should be operated under
bias conditions where the hole population in the SiGe well exceeds that in
the Si-cap. The crossover voltage for n+-gate is higher than that of p+-gate
MOSFET. Hence, a n+ gate design is favorable for the p-MOSFET devices
because it promotes SiGe quantum well operation for low gate biases.

Ge mole fraction in the SiGe layer plays a critical role in determining the
crossover voltage. A large valence band offset at the top Si/SiGe interface
results in a better hole confinement [3]. Strain relaxation issues set the upper
limit on the amount of band offset that can be achieved by the incorporation of
Ge. For a fixed amount of strain, it is advantageous to minimize the thickness
of SiGe layer and increase the Ge mole fraction.

Simulated low-frequency C-V characteristics of Si1−xGex (x = 0.2, 0.3, and
0.4) MOS capacitors using 1D Poisson solver is shown in Fig. 6.4. The plateau
in accumulation shows the hole confinement at the Si/Si1−xGex interface. The
hole confinement increases with Ge content as the valence band offset increases
[40]. As the structure is biased more negatively, an accumulation layer in
the Si-cap forms and the capacitance of the structure approaches the oxide
capacitance. The accumulation layer carrier population in the surface channel
(Si-cap) and buried channel (SiGe-well) have been extracted by integrating
the carrier profiles across the total depths of these layers. The enhanced hole
population in Si1−xGex with increased Ge concentration (x) is illustrated in
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FIGURE 6.5
Hole concentration in Si-cap and SiGe-channel as a function of Ge mole

fraction in a SiGe p-MOSFET. After S. K. Samanta et al., Proc. IWPSD-
2003, 2003(540-542).

Fig. 6.5 where the n+-polySi gate MOSFET crossover voltage is shown to
increase (arrows) with x. The crossover voltage is linearly proportional to the
Ge concentration. As expected, more carriers flow in the Si-cap layer as the
gate voltage increases and the device becomes a surface-channel one. In order
to ensure that the majority of holes flow in the SiGe-channel for gate voltages
equal to or higher than -3.0 V, the Ge percentage must be above 30% [41].

As in dual-channel MOSFETs, control of the strained-Si cap thickness
is critical to the operation of MOSFETs. The Si cap thickness on the p-
MOSFET can be extracted from a combination of C-V measurements and
simulations, as illustrated in Fig. 6.6. As is consistent with type-II band line-
ups, for the thicker Si cap devices, the inversion layer forms in the buried SiGe
at low gate overdrives and in the strained-Si cap layer at higher overdrives.
For the 1-nm thick cap device, the Si cap is too thin to accommodate the
holes, and inversion occurs primarily in the SiGe layer, resulting in a slight
decrease in the maximum capacitance.

Simulated DC output characteristics of Si1−xGex (x = 0.3; W/L = 10μm/
1μm) devices are shown in Fig. 6.7 for Vg = -2.0, -3.0, and -4.0 V. The
drain current increases (compared to control-Si) as the Ge content is increased
because of the enhancement of hole mobility [42]. The drain saturation current
is found to be -1.56 mA and -3.23 mA for Si and SiGe (x = 0.3), respectively, at
Vd = -2.0 V and Vg = -4.0 V. The drain saturation current is 107% higher than
that of the Si devices in agreement with the results reported by Sadovnikov
et al. [43].
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FIGURE 6.6
Effect of strained-Si cap layer thickness on carrier confinement at the het-

erointerface: doping is considered to be p-type. Source: S. Chattopadhyay,
unpublished data.

FIGURE 6.7
Simulated output characteristics of Si1−xGex and Si channel devices (W/L

= 10μm/1μm). After S. Maikap, Ultrathin Dielectrics on SiGe/SiGeC Layers
for Heterostructure MOSFET Applications, Ph.D. Thesis, Indian Institute of
Technology, Kharagpur, 2001.
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FIGURE 6.8
Simulated hole distribution in the SiGe-channel as a function of gate volt-

age with different SiGe-well thicknesses. After S. K. Samanta et al., Proc.
IWPSD-2003, 2003(540-542).

1D Poisson simulation results for the sheet concentration of holes in the Si-
cap and in the Si1−xGex well as a function of gate voltage for two different well
thicknesses (100 Å and 300 Å) are shown in Fig. 6.8. The crossover voltage
increases nominally with a decrease in well thickness. The peak transconduc-
tance is weakly dependent on SiGe quantum well thickness as shown in Fig.
6.9. The simulation results show that the drive current is optimum when the
SiGe layer thickness is in the range 100-300 Å. When SiGe layer is thinner
than the normal inversion layer thickness, the Si layer beneath the SiGe layer
cannot be inverted due to the Si/SiGe valence band offset. The SiGe well loses
some carriers, compared to the case of a thicker SiGe layer, and therefore, the
drive current decreases. On the other hand, when the SiGe layer is too thick,
the average distance of inversion carriers from the gate becomes larger, and
again a smaller drive current results.

Fig. 6.10 presents the 1D Poisson simulation results for hole density in the
Si1−xGex layer and in the Si-cap as a function of gate voltage for different
cap layer thicknesses. The hole density increases in the cap significantly with
an increase in cap layer thickness. The reduction of cap thickness greatly
increases the carrier concentration in the Si1−xGex channel. So, one way to
increase the concentration of holes in the Si1−xGex layer over that in the Si-
cap is to reduce the cap thickness as much as possible. It may be noted that
a cap thickness of only 50 Å is enough to support an inversion layer, hence
the charge screening problem will still be present in such a structure [44].
Consequently, the device should be operated at low gate voltages where the
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FIGURE 6.9
Peak transconductance (gm) as a function of SiGe-well thickness (W/L =

10μm/1μm). After S. K. Samanta et al., Proc. IWPSD-2003, 2003(540-542).

SiGe channel dominates the device electrical characteristics. Fig. 6.11 shows
the peak transconductance vs. Si-cap layer thickness with different oxide
thicknesses. The results were obtained using Silvaco-ATLAS device simulator.
This figure reveals that the transconductance decreases with increasing Si-cap
layer thickness as a consequence of the reduced hole population in the alloy
layer.

To maximize the gate-to-channel capacitance and hence to increase the
SiGe p-MOSFET transconductance, it is important to minimize both the
thickness of the Si-cap and the gate oxide. For a Si-cap thickness below 30
Å, the p+-gate design becomes an attractive alternative to the n+-gate SiGe
p-MOSFETs. However, such a thin Si-cap layer does not permit a thermal
reoxidation of the source and drain areas after the polySi gates are etched.
In addition, since the current flows less than 30 Å away from the gate oxide,
interface scattering will degrade the hole mobility. Conversely, with a thin
Si-cap, the holes in the SiGe-channel flow closer to the gate and the channel-
to-gate capacitance increases. The Si-cap thickness needed to optimize the
transconductance is therefore determined by a mobility/capacitance trade-
off. The potential improvements in device performance, in terms of carrier
confinement and gate-to-channel capacitance, make SiGe transistors with a
thin Si-cap very attractive for short-channel applications.

In the following, we present the results of simulations using MOSFET struc-
ture with δ-doping spike. The hole distribution in the Si-cap and SiGe-well
for structures with and without δ-doping spike is shown in Fig. 6.12. The
potential at strong inversion is loosely defined by the condition, ψs = 2ψb,
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FIGURE 6.10
Simulated hole distribution in the buried channel (SiGe-well) and surface

channel (Si-cap) as a function of Si-cap layer thickness at a gate voltage (Vg

= -2 V). After S. K. Samanta et al., Proc. IWPSD-2003, 2003(540-542).

FIGURE 6.11
Simulated peak transconductance (gm) as a function of Si-cap layer thick-

ness (W/L = 10μm/1μm). After S. K. Samanta et al., Proc. IWPSD-2003,
2003(540-542).
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FIGURE 6.12
Comparison of hole densities in channel with and without δ-doping spike. Af-
ter S. Maikap, Ultrathin Dielectrics on SiGe/SiGeC Layers for Heterostruc-
ture MOSFET Applications, Ph.D. Thesis, Indian Institute of Technology,
Kharagpur, 2001.

FIGURE 6.13
Plot of electrostatic potentials and normalized C/Cox. After S. Maikap,

Ultrathin Dielectrics on SiGe/SiGeC Layers for Heterostructure MOSFET
Applications, Ph.D. Thesis, Indian Institute of Technology, Kharagpur, 2001.
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FIGURE 6.14
Areal electron density from analytical model. After S. Maikap, Ultrathin Di-
electrics on SiGe/SiGeC Layers for Heterostructure MOSFET Applications,
Ph.D. Thesis, Indian Institute of Technology, Kharagpur, 2001.

where ψb is bulk Fermi potential in the Si-cap. The saturation of carriers in
the well is due to potential shielding by the 2DHG at the surface. For the
case where ψs exceeds 2ψb, Qcap is approximately exponentially dependent
on ψs. Hence an incremental increase in ψs by φt (thermal voltage) results in
a factor of e increase in surface inversion layer charges [39].

Consequently, any small increase in ψs is offset by a commensurate increase
in Qcap, causing the well potential, ψw, to remain essentially constant. This
explanation for carrier saturation in the well is borne out by Fig. 6.13, which
plots the electrostatic potentials, ψs and ψw, as a function of gate bias without
δ-doping spike. The corresponding normalized capacitance is shown in Fig.
6.13. Although the hole distribution curves for both with and without δ-
doping spike appear similar from Fig. 6.12, the difference lies in the areal
electron density in the Si-cap at low gate biases as shown in Fig. 6.14. As
expected, the structure with the p+ threshold adjust (δ-doping spike) has a
significantly higher density of electrons near zero gate bias, leading to the
conclusion that a δ-doping spike would serve to improve the subthreshold
characteristic and hole mobility of SiGe-channel p-MOSFETs.

Fig. 6.15 shows the simulated DC output characteristics of Si1−xGex (with
x = 0.3) devices for both with and without δ-doping spike at Vg = -2.0, -
3.0 and -4.0 V. The drain current for structure with δ-doping spike increases
compared to a structure without δ-doping spike. The saturation drain current
of δ-doped device is found to be -3.75 mA for 30% Ge at a drain voltage of
-2.0 V and gate-to-source voltage of -4.0 V. The drain current is about 141%
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FIGURE 6.15
Simulated output characteristics of Si1−xGex devices with different Ge con-

centration (W/L = 10μm/1μm). After S. Maikap, Ultrathin Dielectrics on
SiGe/SiGeC Layers for Heterostructure MOSFET Applications, Ph.D. The-
sis, Indian Institute of Technology, Kharagpur, 2001.

FIGURE 6.16
Subthreshold characteristics of Si1−xGex devices at Vd = -0.1 V (W/L =

10μm/1μm). After S. Maikap, Ultrathin Dielectrics on SiGe/SiGeC Layers
for Heterostructure MOSFET Applications, Ph.D. Thesis, Indian Institute of
Technology, Kharagpur, 2001.
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FIGURE 6.17
Simulated transconductance characteristics of SiGe p-MOSFETs with com-

parison between δ-doping spike and without δ-doping spike at Vd = -0.1 V
(W/L = 10μm/1μm). After S. Maikap, Ultrathin Dielectrics on SiGe/SiGeC
Layers for Heterostructure MOSFET Applications, Ph.D. Thesis, Indian In-
stitute of Technology, Kharagpur, 2001.

higher compared to Si devices. The Si0.7Ge0.3 transistor with δ-doping spike
exhibits a higher (33%) drive current at the same Vg (= -3 V) than control
Si0.7Ge0.3 devices.

Subthreshold characteristics of Si1−xGex (x = 0.2 and 0.3) p-MOSFETs
(with and without δ-doping spike) are shown in Fig. 6.16. Subthreshold
swings are found to be 123, 112, and 112 mV/dec (102, 104, and 104 mV/dec)
for 10%, 20%, and 30% Ge, respectively, with and without δ-doping spike.
The corresponding value is 84 mV/decade for control-Si device. Subthreshold
slope for SiGe p-MOSFETs is higher compared to control-Si devices [40]. This
is due to the fact that the buried channel is less sensitive to gate control under
weak inversion and possibly due to the higher permittivity of Si1−xGex layers
[45].

Fig. 6.17 shows the transconductance of Si1−xGex devices computed using
silvaco-ATLAS simulator at a low field (Vd = -0.1 V). In simulation, a struc-
ture similar to one described in Fig. 6.2 is used with a Si-cap thickness of 50
Å and Ge mole fraction of 10, 20, and 30%. It is found that an increase in Ge
fraction increases the gm, when one compares two devices with and without
a δ-doping spike. Fig. 6.18 shows the variation of threshold voltage and peak
transconductance with Ge concentration. The threshold voltage decreases
and peak transconductance increases with increase in Ge concentration for
both the devices. The threshold voltage decreases rapidly in δ-doping spike



Heterostructure SiGe/SiGeC MOSFETs 267

FIGURE 6.18
Simulated threshold voltage and peak transconductance as a function of Ge

concentration. After S. Maikap, Ultrathin Dielectrics on SiGe/SiGeC Layers
for Heterostructure MOSFET Applications, Ph.D. Thesis, Indian Institute of
Technology, Kharagpur, 2001.

compared to that without δ-doping. From the plot, it is seen that the pres-
ence of a δ-doped layer is advantageous mainly in terms of threshold voltage
adjustment with slight improvement in peak transconductance.

6.3 SiGe p-MOSFETs on SOI

International Technology Roadmap for Semiconductors (ITRS) [46] identifies
the growing challenges for CMOS scaling and elaborate on options being ex-
plored to meet future transistor requirements. Silicon-on-insulator has finally
been put on the microelectronics technology roadmap because of its high den-
sity and improved performance in circuit speed demonstrated. At the same
time, SiGe alloys have shown their potential for novel high-performance het-
erostructure devices and circuits including MOSFETs [47]. There is a great
deal of interest in combining two technologies, viz., the SOI-CMOS and the
recently developed SiGe technologies. Among the various SOI and SOS tech-
nologies, SIMOX is probably the best candidate for the improvement of mo-
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TABLE 6.4

Reported results of Si-channel p-MOSFETs on SOI, SOS,
and SIMOX substrates. After S. Maikap, Ultrathin
Dielectrics on SiGe/SiGeC Layers for Heterostructure
MOSFET Applications, Ph.D. Thesis, Indian Institute of
Technology, Kharagpur, 2001.

Parameter [7] [9] [10]
Channel length, Leff (μm) 10 1.0 0.05
Oxide thickness, tox (Å) 65 80 20
Cap thickness, tcap (Å) 100 70 40
Well thickness, twell (Å) 100 120 150

Ge concentration, x 0.3 0.2 0.0-0.3
Spacer thickness, tsp (Å) 1600 100 -

Channel doping, Nd (cm−3) 1×1015 4×1017 undoped
Buried oxide thickness (Å) 4100 1000 4500

gm at 300 K (mS/mm) 0.72 ∼ 3.5 -
Improved drive current (%) - - 70

Substrate type SIMOX SOS SOI

bility in SiGe-channel p-MOSFETs. Nayak et al. [7] reported SiGe-channel
p-MOSFET on SIMOX substrates. The device consists of a Si/Si0.7Ge0.3/Si
channel, which is grown pseudomorphically on a SIMOX substrate. The ef-
fective channel mobility (181 cm2/V-s) of this device was found to be 90%
higher than that of an identically processed conventional SIMOX device. Ta-
ble 6.4 shows some reported device parameters for SiGe-channel p-MOSFETs
on SOI, SOS, and SIMOX substrates.

In the following, we present a comprehensive study on the scaling prop-
erties of SiGe-channel p-MOSFETs on Si (SiGe-bulk) and p-MOSFETs on
SOI (SiGe-SIMOX) by using numerical simulation. A 1D Poisson solver and
Silvaco-ATLAS are used. A SiGe-SIMOX device is similar to a SiGe-channel
p-MOSFET on Si as shown in Fig. 6.1, with the main distinction being the
presence of a buried oxide (thickness: 410 nm) and a spacer layer (thickness:
160 nm) in the former. One way to verify the hole confinement in the quan-
tum well is to study the low frequency capacitance where a plateau in the
inversion capacitance signifies the hole confinement.

Fig. 6.19 shows the computed low-frequency C-V characteristics of SiGe-
SIMOX and SiGe-bulk structures for both the n+- and p+-polySi gate using
the 1D Poisson solver. The plateau in the curve, between gate bias of about
0 to -1.0 V for p+-polySi and -1.0 to -2.0 V for n+-polySi gate, is the result of
hole confinement in the SiGe-well. The plateau in accumulation region for the
SiGe-SIMOX structure extends to wider range of gate voltage when compared
to that for a SiGe-bulk structure. The band diagram is shown in Fig. 6.20.

In Fig. 6.21, the simulated hole distribution as a function of band bending in
both SiGe-SIMOX and SiGe-bulk devices is shown. For the SiGe-bulk device,
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FIGURE 6.19
Low-frequency capacitance-voltage (C-V) characteristics of SiGe-bulk and

SiGe-SIMOX devices with x = 0.3 using 1D Poisson solver. After C. K. Maiti
et al., Proc. IWPSD-2003, 2003(543-545).

FIGURE 6.20
Band diagram (p+-polySi gate) of SiGe-bulk and SiGe-SIMOX devices with

x = 0.3 using 1D Poisson solver. After C. K. Maiti et al., Proc. IWPSD-2003,
2003(543-545).
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FIGURE 6.21
Hole distribution in SiGe-bulk and SiGe-SIMOX. After C. K. Maiti et al.,

Proc. IWPSD-2003, 2003(543-545).

the same well and gate oxide (as in SiGe-SIMOX) parameters are used, and
the substrate doping is taken to be 5×1015 cm−3. The hole concentration at
the Si surface for the SiGe-SIMOX is about two orders of magnitude lower
than that for the SiGe-bulk device, which means that the channel conduction
through the parasitic surface channel (at Si/SiO2 interface) is significantly
diminished in SiGe-SIMOX due to reduced band bending at the surface. The
reduced band bending also results in a more uniform hole concentration in
the SiGe-well for the SIMOX device. For the same Si cap layer thickness,
reduced Si/SiO2 surface scattering for the SiGe-SIMOX device results in a
further improvement in the channel mobility.

A large valence band discontinuity at the top Si/Si1−xGex heterointerface
is essential to increase the hole population in the SiGe channel and ensure
adequate confinement up to a high gate voltage. The improved confinement
with increased Ge concentration (SiGe-SIMOX and SiGe-bulk devices) is il-
lustrated in Fig. 6.22, where the n+-polySi gate MOSFET crossover voltage
is plotted. A higher cross-over voltage is observed for SiGe-SIMOX devices
compared to SiGe-bulk devices. The ratio of holes in the Si-cap to the SiGe
channel for two different gate voltages (Vg = -1.5 V and -2.5 V) are plot-
ted in Fig. 6.22. As expected, more carriers flow in the Si-cap layer as the
gate voltage rises. In order to ensure that the majority of holes flow in the
SiGe-channel for gate voltage equal to or more negative than -2.5 V, the Ge
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FIGURE 6.22
n+-gate cross-over voltage vs. Ge mole fraction for SiGe-bulk and SiGe-

SIMOX devices. After C. K. Maiti et al., Proc. IWPSD-2003, 2003(543-545).

concentration must rise above 30%. The ratio of holes in the Si-cap over those
in SiGe-channel are observed to be lower for SiGe-SIMOX devices compared
to SiGe-bulk devices.

Fig. 6.23 compares the I-V characteristics obtained using Silvaco-ATLAS
2D device simulator for SIMOX devices made on Si and SiGe substrates at
room temperature. All devices show both linear and saturation regions. The
drain current of the SiGe-SIMOX device is 222% higher, for voltages equal to
or higher than -3.0 V and the Ge percentage must be above 30%, compared
to that for the Si-SIMOX device. This shows that the circuits built using
the SiGe-SIMOX device will have potentially high speed due to the higher
drive current. The turn-on and turn-off characteristics of a device is largely
determined by the current drive as well as the peak transconductance of the
device. The improvement in the drain current of the SiGe-SIMOX device over
the SIMOX device is significant.

A plot of linear transconductance (gm) vs. gate voltage (Vg) for a 1 μm
channel length device at a low field (Vd = -0.1 V) is shown in Fig. 6.24. The
improvement in peak gm for SiGe-SIMOX device over that of Si-SIMOX is
evident from this figure. The gm of SiGe-SIMOX is found to increase with an
increase in Ge mole fraction and decreases rapidly at high transverse field. The
shape of the transconductance curve for the SiGe-SIMOX is slightly different
than that of the Si-SIMOX device. The transconductance of the SIMOX



272 Strained-Si Heterostructure Field Effect Devices

FIGURE 6.23
Output characteristics for SiGe-SIMOX and SIMOX. After C. K. Maiti et

al., Proc. IWPSD-2003, 2003(543-545).

FIGURE 6.24
Comparison of linear transconductances of SiGe-SIMOX and Si-SIMOX de-

vices (W/L = 10 μm/1 μm). After C. K. Maiti et al., Proc. IWPSD-2003,
2003(543-545).
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device exhibits a well-defined peak near threshold, similar to a bulk-Si device.
In case of SiGe-SIMOX, three regions are observed in the transconductance
characteristics:

(a) at low gate voltages (close to the threshold voltage, Vg≈-1.0V), the
effective capacitance is small (series combination of oxide capacitance and Si-
cap layer capacitance) but the peak gm is high because the holes are mainly
confined to the well. Therefore, the peak gm as well as the channel mobility,
will be high.

(b) The peak gm value remains nearly same for a range of gate voltages (Vg

= -1.0 to -1.5V). As the gate voltage is above -1.0V, carriers start to build up
at the surface channel, and for these carriers the channel mobility is low due to
increased Si/SiO2 surface scattering but the effective gate capacitance is high
due to the ultrathin oxide (80 Å). Hence, the net effective transconductance
still remains high.

(c) As Vg exceeds -1.5V, the peak transconductance falls rapidly, with the
carriers in the surface channel starting to dominate the total channel conduc-
tion. As the effective field becomes more negative, the surface channel turns
on and the transconductance decreases rapidly. This type of transconductance
behavior has been observed earlier for SiGe p-MOSFETs on SOS [9].

6.4 SiGeC Hetero-FETs

The growth of pseudomorphic strained-Si1−xGex alloys on Si has generated
considerable interest because of their potential application in high perfor-
mance p-MOSFETs due to their compatibility with Si technology [47]. But
the use of strained-Si1−xGex alloys has some practical limitations in terms
of the critical layer thickness and thermal budget for device processing. By
incorporating smaller-sized C atoms in the Si1−xGex alloy, the strain can be
compensated [48, 49], allowing additional flexibility in strain engineering along
with the improvement of the thermal stability of the resultant Si1−x−yGexCy

alloy layers. Since C is smaller than both Si and Ge, it can introduce local ten-
sile strain and compensate the compressive strain introduced by Ge, leading to
complete strain compensation at a Ge-to-C ratio of 8:1. Si1−x−yGexCy layers
are more robust in terms of the allowable thermal budget during processing.
In a type-I Si/Si1−x−yGexCy heterostructure band alignment, a ternary alloy
shows a higher valence band offset as compared to that of SiGe for the same
lattice mismatch to Si. This makes the ternary layer attractive for enhanced
hole mobility p-MOSFET devices with a Si spacer between the channel and
the gate oxide to prevent the pile of unoxidized Ge and C behind the oxide
front.

The band alignment in the heterostructure favors the confinement of holes
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in the valence band well leading to dominant carrier transport in the high-
mobility channel layer, with reduced scattering from surface roughness and
oxide charges. The device performance can be optimized by choosing an ap-
propriate thickness of the unconsumed Si cap on top of the channel layer in this
buried Si1−x−yGexCy pMOS device. Several authors have demonstrated the
enhancement of hole mobility in buried-channel partially strain-compensated
SiGeC p-MOSFET device over that of the control-Si devices [42, 50].

Partially strain-compensated Si0.793Ge0.2C0.007 (C compensating approxi-
mately the strain equivalent to 8-10% Ge) epitaxial layer was grown by ultra-
high vacuum chemical vapor deposition on an n-Si substrate at a temperature
of 550oC. The growth sequence starts with a 700 Å silicon buffer layer, fol-
lowed by the growth of 400 Å in situ phosphorus-doped Si0.793Ge0.2C0.007 and
a starting Si cap with a thickness of 70 Å. The sample had a channel doping
of 1-2×1017 atoms cm−3 as obtained from secondary ion mass spectroscopy
(SIMS) analysis. Rapid thermal oxidation (RTO) at 950oC for 3 min in an
oxygen ambient was used to grow a high-quality gate oxide of a thickness of
80 Å, leaving an unconsumed Si cap layer of 30-35 Å. A self-aligned n+-poly-
gate process was used to fabricate p-MOSFET devices with a fixed width of
10 μm and a channel length varying from 0.8-10 μm. The p+ source/drain
(S/D) regions were formed by BF+

2 implantation at 20 keV with a dose of
2×1017 cm−2. The dopant activation was carried out at 950oC for 1 min by
rapid thermal annealing (RTA). Contacts to the S/D regions were formed by
sputtering Al (1% Si) followed by a post-metal anneal at 450oC for 30 min in
forming gas. Epitaxial Si p-MOSFETs, as the control devices, were also fab-
ricated in the same run for comparison. The characteristics of the MOSFET
device were measured over a wide range of temperatures and electric fields.

Fig. 6.25 shows the subthreshold (Id-Vg) characteristics of Si0.793Ge0.2C0.007

devices with a channel length of 10 μm at 300 K and 77 K. The subthreshold
slopes are found to be 94 mV/decade at 300 K and 42 mV/decade at 77 K
for Si0.793Ge0.2C0.007 devices. In comparison, the corresponding values are
found to be 81 and 25 mV/decade for the control Si devices. The subthresh-
old slopes for ternary devices are higher compared to the control Si devices
owing to the higher heterointerface states in the alloy layers. The output
characteristics of SiGeC and the control Si devices at room temperature are
compared in the inset of Fig. 6.25. Both the devices exhibit good saturation
and turn-off characteristics. At the same gate voltage, the Si0.793Ge0.2C0.007

MOSFET shows a higher drive current than the control Si device.
Fig. 6.26 shows the computed hole densities in the buried Si0.793Ge0.2C0.007

and the parasitic Si cap as a function of gate voltage at room temperature
and 77 K. The threshold voltages of the buried channel from the hole density
are found to be -1.66 V and -1.9 V at 300 K and 77 K, respectively. These
values are in good agreement with the experimentally obtained values of -1.64
V and -1.93 V, respectively. The crossover voltage, defined as the transition
to a predominantly surface-channel device from a buried-channel device, is
found to be -3.9 V at both temperatures. Fig. 6.26 clearly shows the charge
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FIGURE 6.25
Id-Vg characteristics of Si0.793Ge0.2C0.007 device at room temperature and

77 K. Measured room temperature output characteristics of Si0.793Ge0.2C0.007

and control Si p-MOSFET devices are shown in the inset. After G. S. Kar et
al., Semicond. Sci. Technol., Vol. 17, 2002(471-475).

FIGURE 6.26
Variation of hole concentration in surface (Ns)and buried (Nb) channels as a
function of gate bias at room temperature and 77 K. After G. S. Kar et al.,
Semicond. Sci. Technol., Vol. 17, 2002(471-475).
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FIGURE 6.27
Calculated transconductance in surface and buried channels, along with ex-

perimentally obtained total transconductance (solid) plots at room tempera-
ture. After G. S. Kar et al., Semicond. Sci. Technol., Vol. 17, 2002(471-475).

screening effect associated with a buried-channel structure. The saturation of
the buried channel current can be explained as follows. Once a large number
of holes flow in the Si cap layer, the charge screens the gate potential and fewer
holes are added to the SiGeC channel with increasing gate voltage, limiting
the maximum current contributed by high-mobility holes.

Fig. 6.27 shows the calculated linear transconductance (gm) (open up tri-
angle and circle) characteristics for both surface and buried channels at room
temperature, along with the experimentally measured total transconductance
of the device. A sharp fall in the calculated gm value in the buried channel
compared to that of the Si surface channel reveals the saturation of holes in the
SiGeC channel at a higher gate bias. The peak transconductance in the buried
ternary alloy is 1.48 times higher than that in the cap Si. The effective mobil-
ity of holes in the ternary alloy has been calculated from the net current in the
buried layer using the simulated hole density of Fig. 6.26. Fig. 6.28 shows the
variation of extracted effective mobility in the Si0.793Ge0.2C0.007 channel as
a function of effective field at room temperature, and 77 K. Si0.8Ge0.2 (layer
with no carbon) devices data are also shown for comparison.

As it is difficult to form high-quality thermal gate oxide on Si1−xGex, an
alternate approach is to use a deposited gate oxide, such as a high dielec-
tric constant gate dielectric. This avoids the need for the deposition of the
Si cap and thereby rendering a surface channel device [51, 52]. This is par-
ticularly attractive for a Si1−xGex or pure Ge channel because it avoids the
problems of Ge segregation during high thermal budget gate oxidation. As
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FIGURE 6.28
Variation of effective mobility with effective field in the buried

Si0.793Ge0.2C0.007 channel, along with the buried Si0.8Ge0.2 channel and con-
trol Si device at room temperature and 77 K. After G. S. Kar et al., Semicond.
Sci. Technol., Vol. 17, 2002(471-475).

compared to Si-SiO2 p-MOSFETs, Si high-k p-MOSFETs in general exhibit
a mobility degradation of about 25%. Thus, SiGe-channel devices with high-k
as gate dielectric can provide a means to overcome the mobility degradation
on Si caused by using high-k materials as gate dielectric. This mobility en-
hancement enables a higher drive current, even at channel lengths down to
90 nm. Unfortunately, other important transistor parameters such as the
subthreshold characteristics show that the drain-induced barrier lowering is
comparable for both SiGe and Si control devices, the subthreshold slope and
junction leakage are significantly worse for SiGe devices. Also, the significant
difference in Vt between the Si0.8Ge0.2 and Si p-MOSFETs can be attributed
to the bandgap difference between Si0.8Ge0.2 and Si. The bandgap difference
is manifested mostly in the valence band, and for Ge mole fraction of 0.2 a
168 mV valence band offset is obtained.

6.5 SiGe-based HEMTs

The need for advanced RFICs, combined with the recent progress in the
growth of pseudomorphic SiGe, have led to increased interest in silicon-based
heterostructure MODFETs. The key design issues for short-channel strained-



278 Strained-Si Heterostructure Field Effect Devices

SiGe heterojunction MODFETs have been addressed in detail [53]. In the fol-
lowing, the high-frequency performance analysis of a 2DEG strained-Si/SiGe
HEMT with Schottky gate is performed by computer simulation using the
2D drift diffusion (DD) and energy balance (EB) models. The material pa-
rameters for both strained-Si and Si1−xGex have been modeled and are used
in the simulation. The simulation results are also verified with published
experimental results on strained-Si/SiGe HEMT devices. Ismail et al. [54]
have reported n-channel devices having room temperature mobilities of 2600
cm2/V-s using a strained-Si channel grown on a relaxed-SiGe buffer. A high-
transconductance n-type si/SiGe modulation-doped field-effect transistor has
been created and exhibits 600 mS/mm at 77 K with a gate length of 0.25 μm.

To improve the rf performance, the optimum epitaxial architecture of a
fully pseudomorphic strained-Si/SiGe MODFET heterostructure, viz., posi-
tion and level of the doping at the front side, backside, and even inside of the
2DEG Si-channel are examined. The effect of thickness of various layers on
the performance of HEMTs with gate lengths down to 0.18 μm are also inves-
tigated. The strained-Si channel combined with a constant Ge profile in the
buffer layer was used as the input of the ATLAS device simulator. The model
parameters are incorporated through c-interpreter function for better flexibil-
ity. The simulation results are optimized with experimental data available to
validate the material parameters being used. The purpose is to compare dif-
ferent Si-based HFET geometries and to identify which are most suitable for
high-frequency applications other than logic. The results of the present study
serve to illustrate the extent to which III-V technology can be supplanted by
Si-based devices.

In simulation, the gate was approximated as a metal contact having a work
function of 5.8 eV, similar to the work function of Pt/Au. All devices are
biased with a source-drain voltage of 2.5 V. This bias condition was chosen
as representative of the voltage levels suitable for use in low-power mobile
systems where SiGe microwave devices are likely to find applications.

The heterostructure device schematic considered for simulation is shown in
Fig. 6.29. The basic device structure is the same as that of a reported ex-
perimental device [55], grown by molecular beam epitaxy (MBE). The layer
sequence consists of a relaxed graded-SiGe buffer on a p-Si substrate (100 Ω-
cm), an Sb-doped Si0.6Ge0.4 backside doping layer (4 nm, 8×1018 cm−3), an
undoped Si0.6Ge0.4 spacer (3 nm), the 9-nm thick strained-Si quantum well
serving as the 2DEG channel, a Si0.6Ge0.4 spacer (93 nm), an Sb-doped supply
layer (4 nm, 1.5×1019 cm−3), an undoped Si0.6Ge0.4 cap spacer (10 nm) and
a 5-nm Si cap layer. Ohmic source and drain contacts, defined by phospho-
rous implantation (20 keV, 2× 1015 cm−3), rapid thermal annealing (RTA:
625oC, 45s in N2), Ti/Pt/Au deposition and subsequent alloying yield contact
resistances around 4× 10−7ω -cm2. Pt/Au T-shaped Schottky gate contacts
with footprints of Lg = 180 nm gate length were asymmetrically arranged at
a source-gate distance of 200 nm for series resistance reduction. The effective
source drain spacing was 1.5 μm, corresponding to the implanted source and
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FIGURE 6.29
Schematic of a Pt/Au-Schottky gate strained-Si HEMT used in the simula-

tion. After B. Senapati et al., Proc. IWPSD-2003, 2003(833-835).

drain contact zones. The greater source-to-drain separation means that short-
channel effects such as punch-through can be suppressed at lower substrate
doping levels than in equivalent gate length self-aligned devices. Furthermore,
if a Schottky gate is to be made using a nonrefractory metal, such as Pt, then
a greater separation of source and drain becomes a necessity. The SiGe cap
layer contains the dopant which supplies carriers to the channel. The dopant
is set back 3 nm from the heterojunction to prevent ionized impurity scatter-
ing in the channel and is contained in a thin layer of thickness 4 nm unless
otherwise stated.

Fig. 6.30 shows the simulation and experimental Id-Vds characteristics of
a HEMT. The rf characteristics of the devices are shown in Fig. 6.31. The
current gain and maximum unilateral gain MUG against frequency curves are
derived from S-parameter measurements in the range of 2 to 40 GHz. The
simulation of maximum unilateral gain (MUG) is different from experimental
results at low frequency because of the extrinsic passive lumped elements of
real device. However, a unity current gain cutoff frequency ft of 46 GHz and
a maximum frequency of oscillation fmax of 81 GHz were extrapolated at Vg

= -0.2V and Vds = 2.5 V are confirmed from the simulation. This high fmax

for a Si-based hetero-FET is attributed to the low source resistance (Rs ≤
0.2ω/mm), low resistance of the gate (Rg = 290 ω/mm), the elevated Cgs/Cgd

ratio of ∼ 9 to 11 and the high current densities due to the increased carriers
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FIGURE 6.30
Comparison of simulation with experimental results of DC output character-
istics of a 0.18 μm gate length strained-Si HEMT. After B. Senapati et al.,
Proc. IWPSD-2003, 2003(833-835).

FIGURE 6.31
Comparison of simulation with experimental current gain and maximum uni-
lateral gain (MUG) against frequency curves, derived from S-parameter. After
B. Senapati et al., Proc. IWPSD-2003, 2003(833-835).
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FIGURE 6.32
Transconductance of a depletion HEMT with downscale layout at Vds = 2.5
V. After B. Senapati et al., Proc. IWPSD-2003, 2003(833-835).

in the Si0.6Ge0.4/strained-Si/Si0.6Ge0.4 quantum well channel configuration.

6.6 Design Issues

In this section, the rf potential of HEMT is examined for gate length down
to 0.18 μm. To improve the rf performance, the position and the doping
level at the front and backside and the thickness of the different layers will
be considered. The strained-Si channel is maintained at a thickness of 10 nm
throughout and is nominally undoped.

6.6.1 Gate Engineering

Fig. 6.32 shows the dependence of transconductance on gate length Lg of
depletion mode of HEMT. The effect of the gate length variation on ft and
Fmax is illustrated in Fig. 6.33 for devices having a undoped cap layer of 5 nm
and in other respects, the device geometries are identical. Simulation results
indicate that the gate is unable to switch the device off at the lowest gate
length 0.1 μm. The increase of gm, with increasing gate voltage is related to
the turn-on of the device, while the decrease at higher gate voltage is due to
screening of the channel from the gate by the turn-on of a parasitic channel in
the Si cap layer. The ft increases from 46 GHz to 100 GHz, while gm increased
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FIGURE 6.33
Simulated cutoff frequency and maximum oscillation frequency as a function
of gate length at Vgs = -0.2 V and Vds = 2.5 V. The data corresponds to the
experimental results of DB and IBM. After B. Senapati et al., Proc. IWPSD-
2003, 2003(833-835).

FIGURE 6.34
Electron velocity profile for 0.1 μm gate length HEMT. Velocity overshoot

is observed closer to the drain. After B. Senapati et al., Proc. IWPSD-2003,
2003(833-835).
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FIGURE 6.35
Electron temperature distribution in the strained-Si channel HEMT at Vgs

= -0.2 V and Vds = 2.5 V. After B. Senapati et al., Proc. IWPSD-2003,
2003(833-835).

FIGURE 6.36
The impact of cap layer thickness on the transconductance. Decrease in the

cap layer thickness increases transconductance. After B. Senapati et al., Proc.
IWPSD-2003, 2003(833-835).
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FIGURE 6.37
The impact of cap layer doping level on the cutoff frequency at Vds = 2.5 V.
After B. Senapati et al., Proc. IWPSD-2003, 2003(833-835).

FIGURE 6.38
Cutoff frequency vs. drain voltage for different buffer layer thickness for

strained-Si HEMT. After B. Senapati et al., Proc. IWPSD-2003, 2003(833-
835).
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FIGURE 6.39
The impact of δ-doped layer on the cutoff frequency for the drain bias Vgs

= 0.2 V. After B. Senapati et al., Proc. IWPSD-2003, 2003(833-835).

FIGURE 6.40
Simulated cutoff frequency as a function of drain voltage for different δ-doped
layer thickness of an strained-Si channel HEMT. After B. Senapati et al., Proc.
IWPSD-2003, 2003(833-835).
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FIGURE 6.41
Gate voltage dependence of the transconductance for different spacer-layer

thickness. After B. Senapati et al., Proc. IWPSD-2003, 2003(833-835).

from 300 mS/mm to 490 mS/mm.
Conventional drift-diffusion (DD) model is not applicable for the simulation

of submicron devices. The hydrodynamic model is preferred for determination
of velocity overshoot and electron temperature distribution for scaled device
layouts. Fig. 6.34 illustrates the longitudinal velocity as a function of position
in the quantum well of a 0.1 μm gate length device. Velocity overshoot is ob-
served close to the drain with a peak velocity of 2×107 cm/s. The overshoot
is important in achieving high transconductance for a device as it introduces
a larger current flow along the quantum well. The first peak near the source is
due to the structure used. Due to velocity overshoot, the peak electron tem-
perature also occurs at the same location. The electron temperature profile,
along with device structure, is shown in Fig. 6.35.

6.6.2 Layer Design

Attention is now focused on the SiGe cap layer, in particular, the doping dose
and the cap thickness. The cap thickness was varied from 1 nm to 5 nm, and
the doping dose was varied from 1×1014 cm−3 to 1×1017 cm−3. The transistor
gate length is maintained at 0.18 μm and the source-drain separation at 1.5
μm. In general, it is found from Fig. 6.36 that the maximum transconductance
increases as cap thickness decreases and it lies between 250 to 300 mS/mm.

Fig. 6.37 demonstrates the effect of increasing the cap doping level for
devices having a fixed cap thickness of 5 nm. The peak cutoff frequency is
found to insensitive to cap doping beyond a dose of about 1×1014 cm−3. The
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gain of the devices remains almost constant, over the range of parameters
considered, at around 20. For thicker cap layers, the peak is reached at a
lower doping. The maximum value of gm is found to be around 400 mS/mm.

The impact of buffer layer thickness on the cutoff frequency of Schottky
gate devices is shown in Fig. 6.38. Simulation results indicate that it could
not be raised above 47 GHz for gate length 0.18 μm. In Fig. 6.39, cutoff
frequency as a function of drain voltage is plotted for δ-doping concentration
in the range 2×1018cm−3 to 6×1018cm−3, while in Fig. 6.40 the same for
δ-layer thickness are given. Fig. 6.39 shows a decrease in the cutoff frequency
as the frontside and backside δ-doping level is reduced. When the thickness of
frontside δ-doped layer is decreased to 2 nm, the peak shifts to a higher gate
bias and also the maximum value decreases, while the reduction of backside
δ-doped layer has a little effect. In Fig. 6.41, the transconductance as a
function of gate voltage is plotted for both backside and frontside spacer layer
thickness in the range 1 nm to 2 nm.

For microwave applications, low noise is important. An empirical figure
of merit for noise was first introduced by Fukui [56]. It suggests that noise
decreases as

√
gm

ft
. This will favor the HEMT devices, which obtain their high

cutoff frequency with a low transconductance. Other important parameters
are the source and gate resistances. These are likely to be the same for all of
the devices considered. To achieve low gate capacitance, a metal T-gate must
be used. For the Schottky gate HFETs, typical values are 0.1-0.2 fF/μm. The
SiGe technology is compatible with conventional CMOS processing [5, 57],
which could be used for much of the fabrication of these devices, although the
strained-Si channel may be degraded, if the processing thermal budget is too
high.

6.7 Summary

As challenges to downscaling continue to grow, it is important to examine
nonconventional avenues for improving CMOS performance. Because hole
mobility is lower than electron mobility in Si, it would be attractive to use
materials that could enhance hole over electron mobility, and thus, provide a
balanced CMOS device that reduces the total area used for a circuit, as well
as improves its performance. In this chapter, we have presented results and
discussed on buried-channel Si1−xGex and Si1−x−yGexCy p-MOSFETs. SiGe-
channel p-MOSFETs on SIMOX substrates have been analyzed and compared
to SiGe-bulk devices. It is observed that the SiGe-SIMOX devices exhibit
improved saturation current drive and channel saturation transconductance
over that of SiGe-bulk devices. These predictive simulation results illustrate
the availability of a new degree of freedom in SiGe p-HFET design on SOI
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substrates.
A physics-based, semi-analytical, charge control model for Si1−xGex quan-

tum well MOS structures was used for the purposes of efficient device sim-
ulation. This model adequately describes the onset of carrier saturation in
the well and various inversion regimes in the Si cap without the use of ad-hoc
fitting parameters. The role of a p+ delta doping layer was found to be useful
for threshold adjustment and improvement of the transconductance. Finally,
the high Ge content devices are susceptible to large subthreshold leakage.
This is a result of hole spillover from the source/drain regions into the lower
energy region of the Si1−xGex quantum well. This spillover can be suppressed
through the introduction of a p+-doping spike below the Si1−xGex quantum
well. For ULSI circuit requirements, the p+-doping spike becomes a neces-
sary feature of the p-MOSFETs. It has been shown that with even modest
amounts of Ge (10% to 20%), buried-channel Si1−xGex p-MOSFETs can be
used in deeply scaled devices and provide performance enhancement over Si.
Partially strain-compensated Si1−x−yGexCy may be a viable option for ther-
mal stability. Design guidelines for SiGe p-MOSFETs have been presented.
A 2D Virtual Wafer Fabrication (VWF) simulation suite has been employed
for the technology CAD (TCAD) of SiGe channel p-MOSFETs.

Computer simulation has been used to compare the high frequency per-
formance of strained-Si/SiGe/Si-based heterojunction HEMTs having differ-
ent geometries. The rf performance for the self-aligned HEMTs is highest,
varying from 10 GHz for the 1.8 μm device to 100 GHz for the 0.1 μm de-
vice. This comparison suggests that the best overall performance can be
achieved with the self-aligned HEMT. Even though the highest transconduc-
tances are obtained with the Schottky gate HFET devices, this is only because
of the shorter effective distance between the gate and channel in these devices.
Moreover, their higher gate capacitance prevents this advantage from being
exploited in high-frequency performance.
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7

Strained-Si Heterostructure MOSFETs

As the end of the Si roadmap is approached, strained-Si channels offer a way
to compensate for the reduction in MOSFET drive currents that accompany
transistor scaling. Strain is an effective mechanism to modify the carrier
transport properties of silicon. Strained-Si/SiGe MOSFETs take advantage
of strain-induced changes of carrier transport in silicon and obtain current
drive enhancements. The field has centered on process-induced strained-Si
MOSFETs, because of its better compatibility with mainstream CMOS, and
the impressive mobility enhancements that can be realized in that system
at aggressively scaled gate lengths. Jankovic and O’Neill [1] have investi-
gated the influence of strained-Si cap layers on n-p-n heterojunction bipolar
transistors (HBTs) fabricated on virtual substrates. Using an approximate
theoretical model, it has been shown that the presence of a strained-Si/SiGe
(relaxed) heterojunction barrier in the emitter can substantially improve the
current gain, relaxing the need for a high Ge content in the strained-SiGe base.
Furthermore, two-dimensional numerical simulations of a virtual substrate
HBT with a realistic geometry demonstrate that, besides the current gain
enhancement, a three-times improvement in ft and fmax can be realized when
a strained-Si/SiGe emitter is incorporated. Although high performance com-
plementary heterojunction MOSFETs (HCMOS) using strained-Si channels
fabricated on virtual substrates have been demonstrated [2], it is important
that heterojunction bipolar transistors (HBTs) are also integrated together
with HFETs for future Bi-HCMOS technology on virtual SiGe substrates.

In this chapter, MOSFET performance enhancement by using strain will
be discussed. Various types of stress used in leading-edge advanced CMOS
technology will be discussed in depth for reported experimental devices. The
emphasis will be to highlight the issues which the industry needs to account for
in developing new process and devices. We quantitatively explain the experi-
mental results and show that the larger and undesirable threshold voltage shift
for biaxial stress is fundamental to biaxial strain. An overview of strained-Si
process technology and process integration issues in Si CMOS technology is
presented.

295
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7.1 Operating Principle

Since in earlier chapters we have provided overviews of the transport, materials
and bandstructure issues of strained-Si and SiGe, in this chapter we will focus
on their application in heterostructure FETs. We will briefly discuss the
transport issues of strained-Si where necessary that are relevant to HFETs.
Then we will discuss their applications in buried- and surface-channel HFETs,
with an emphasis on both n- and p-HFETs. Observation of high electron
mobility in two-dimensional electron gas formed in strained-Si was reported in
early 1990s [3]. Application of strained-Si in MOSFET channel was proposed
by Keyes as early as in 1986 [4], and the first demonstration of strained-Si
MOSFET was reported by Welser et al. [5] using relaxed graded-SiGe buffer
layer.

For strained-Si/SiGe channel MOSFETs, the critical device parameters can
be identified by first examining the drain current expression in a long-channel
MOSFET which need to be modified due to strain. The classical MOSFET
equations for a long-channel device operating in linear and saturation regions
are given by:

Id,lin =
μCoxW

L

[
(Vgs − Vt)Vds − V 2

ds/2
]

(7.1)

Id,sat =
μCoxW

2L

(
Vgs − Vt

)2

(7.2)

where W and L are the gate width and length, μeff is the effective channel
mobility, Cox, the gate dielectric capacitance per unit area, Vt is the threshold
voltage, and Vgs and Vd are the gate and drain biases, respectively.

In the nanometer realm, the carrier transport in the device becomes ballistic
and Eqns. 7.1 and 7.2 becomes dependent on the carrier velocity as:

Id,sat = CoxW < v(0) >

(
Vgs − Vt

)
(7.3)

Hence, it can be seen that the square-law relationship approaches linearity
in a ballistic model. In the above equation, < v(0) > is the average carrier
velocity at source, which is related to the mobility by Eqns. 7.1 and 7.2.
As the channel length approaches zero, <v(0)> is the unidirectional thermal
velocity vt, which is given by [6]:

vt =

√
2kBTL

πm∗ (7.4)

The drain current in the nanoscale limit can now be equated as:
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Id,sat = CoxW

√
2kBTL

πm∗

(
Vgs − Vt

)
(7.5)

Therefore, it is obvious that improving the mobility by application of strain
enhances the performance of the device. In order to realize the strain-enhanced
CMOS performance to the fullest extent in ULSI applications, both funda-
mental and technological challenges need to be addressed. Strained-Si technol-
ogy is being adopted for two key reasons. First, the processing, engineering,
and design costs associated with implementing strained-Si are modest. Sec-
ond, strained-Si offers performance enhancement with 30-60% product level
improvement in present-day production on 300-mm wafers. The additional
processing cost is modest at ∼ 1-3%.

7.1.1 Threshold Voltage

The threshold voltage of MOSFET, which has always been the major concern
of device scaling, is closely related to device structure parameters, e.g., oxide
thickness, junction depth, gate length, and terminal voltages. The increas-
ing complexity of modern MOS device structure requires clear understanding
on the behavior of threshold voltage. Understanding the magnitude of the
threshold voltage shift is important when determining the performance gain
of strained-Si. Therefore, many efforts have been devoted to the investiga-
tion of this electrical parameter. Since performance benchmarking needs to be
done at constant off-state leakage, an adjustment to compensate for the strain-
induced threshold voltage shift is required. The threshold voltage expression
for biaxial tensile-stressed Si on relaxed-Si1−xGex MOSFETs has been de-
rived [7]. The same derivation can be used for uniaxial process stress, except
strain-induced changes in the n+-polySi gate electron affinity and bandgap
need to be included. Large differences in the experimentally observed strain-
induced threshold voltage shifts for uniaxial and biaxial tensile-stressed silicon
n-channel MOSFETs have been explained and quantified [8]. Using the defor-
mation potential theory, key quantities that affect threshold voltage (electron
affinity, bandgap, and valence band density of states) are expressed as a func-
tion of strain. Unlike wafer substrate strain techniques, an interesting feature
of process strain, such as a tensile nitride capping-layer or SiGe in the source
and drain [9], is that the Si channel and gate are both strained as shown in
Fig. 7.1.

To quantify the strain-induced n-MOSFET threshold voltage shift, defor-
mation potential theory is used to calculate electron affinity, bandgap nar-
rowing, and density of states as a function of biaxial and uniaxial stress. The
threshold voltage shift for biaxial strain is given by [10]

qΔVth(σ) = ΔEc(σ) + (m− 1)
[
ΔEc(σ) + kT ln

Nv(0)
Nv(σ)

]
(7.6)
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FIGURE 7.1
(a) Biaxial and (b) uniaxial tensile-stressed MOSFET. After J.-S. Lim et al.,
IEEE Electron Dev. Lett., Vol. 25, 2004(731-733). With permission.

TABLE 7.1

Si electron affinity and bandgap narrowing calculated as a function of strain.
After S. E. Thompson et al., IEEE IEDM Tech. Dig., 2004(221-224). With
permission.

Stress Deformation potential Deformation potential ΔEc(σ) ΔEg(σ)
type constants (eV) constants (eV) (eV) (eV)
[110] Ξd = 1.13 a = 2.46 -2.66ε -6.19ε

Uniaxial Ξu = 9.16 b = -2.35
d = -5.08

Biaxial Ξd = 1.13 a = 2.46 -5.67ε -17.01ε
(1) Ξu = 9.16 b = -2.35

Biaxial Ξd = -10.7 a = -9.7 -41.04ε -44.72ε
(2) Ξu = 10.5 b = -2.33
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FIGURE 7.2
Si conduction and valence band shift for uniaxial and biaxial stress computed
using deformation potential theory. After S. E. Thompson et al., IEEE IEDM
Tech. Dig., 2004(221-224). With permission.

and for uniaxial stress it is given by

qΔVth(σ) = (m − 1)
[
ΔEc(σ) + kT ln

Nv(0)
Nv(σ)

]
(7.7)

where m is the body coefficient, Ec the conduction band edge, Eg the energy
gap and Nv the valence band density of states.

The larger threshold shift for biaxial strain results from two effects. First,
biaxial tensile strain causes larger Si channel bandgap narrowing as shown in
Fig. 7.2. The larger bandgap narrowing results for several reasons, one being
a larger shift in the valence band edge for biaxial than uniaxial stress. This
occurs since the light (vs. heavy) hole band shifts more and the valence band
edge is set by the light hole band for biaxial tensile stress while being set by
the heavy hole for uniaxial tensile stress (not to be confused with uniaxial
compressive stress where the light hole band is the top band).

Second, uniaxial process-induced strain does not have a ΔEc term since
the gate is also strained. The Vth shift is calculated using the above equa-
tions for two sets of deformation potentials and shown in Fig. 7.3. The two
sets of deformation potentials are used to bracket the large uncertainty in
this material property. The calculated threshold voltage shift is at least four
times larger for biaxial than uniaxial stress. The Vth shift is in agreement
with uniaxial wafer bending as published biaxial strained-Si on relaxed-SiGe
MOSFET experimental data [11, 12, 13] included in Fig. 7.3.
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FIGURE 7.3
Computed and measured threshold voltage shift for n-MOSFETs under uni-
axial and biaxial stress. Shift is about 4× for biaxial strain. After S. E.
Thompson et al., IEEE IEDM Tech. Dig., 2004(221-224). With permission.

The calculated threshold voltage shift has been found to be in agreement
with uniaxial wafer bending and published biaxial strained-Si on relaxed-
Si1−xGex experimental data [14, 15] and explains the technologically impor-
tant observation of a significantly larger (4×) threshold voltage shift for biaxial
relative to uniaxial stressed MOSFETs. The large threshold shift for biax-
ial stress is shown to result from the stress-induced change in the Si channel
electron affinity and bandgap. The small threshold voltage shift for uniaxial
process tensile stress is shown to result from the n+-polySi gate in addition
to the Si channel being strained and significantly less bandgap narrowing.

As discussed in chapter 4, strained-Si offers both valence and conduction
band offsets. In strained-Si n-MOSFETs, the negative valence band offset
makes the Fermi level closer to the conduction band; in turn, it induces more
electrons in the inversion layer for the same gate bias. Thus, the band offset
lowers the threshold and makes the channel depletion shallower. As the va-
lence band offset is linearly proportional to the Ge content, each 10% increase
of Ge results in about a -100 mV threshold shift and 4% degradation of the
subthreshold slope in n-MOSFETs.

Biaxially strained-Si MOSFET technology, yielding strained-Si channels on
SiGe buffer layers, has attracted much interest because of the potential de-
vice performance enhancement due to improved carrier transport properties.
However, lower bandgap tends to have a reduced threshold voltage and its
adjustment via redesign of the device undermines the actual performance en-
hancement that can be achieved. Heavier channel doping, for example, can
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FIGURE 7.4
Energy band diagrams at the flat-band condition for strained-Si/Si1−xGex:

(a) n-MOSFETs and (b) p-MOSFETs, where ΔEc = χss-χSi = 0.57x (eV) and
Eg,ss = Eg,Si - 0.4x (eV); Ei represents the local vacuum or reference energy
level, and EFg and EFs are the Fermi levels in the gate and Si substrate,
respectively. The differences between Nc and Nv of the strained-Si layer and
the SiGe buffer layer are ignored. After W. Zhang and J. G. Fossum, IEEE
Trans. Electron Dev., Vol. 52, 2005(263-268). With permission.
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FIGURE 7.5
Simulated threshold voltage shifts (circles) and subthreshold slope changes

(triangles), as a function of Ge content in the relaxed-SiGe layer. The thick-
ness of the strained-Si layer is 10 nm, the gate length is 1.0 μm, and the drain
bias is 50 mV. After J.-S. Goo et al., IEEE Electron Dev. Lett., Vol. 24,
2003(568-570). With permission.

be easily done to compensate for reduced Vt, but such design degrades the
enhanced carrier mobility and increases source/drain junction capacitance,
significantly limiting the speed performance improvement. Optimizing the
channel doping and/or using metal gate have been utilized in attempts to
overcome this problem, but the technological issues are not trivial. To fa-
cilitate such design optimization, as well as to reasonably predict the speed
performance improvement that can be achieved with strained-Si MOSFET
technology, one needs more accurate physical modeling of the Vt shift in terms
of the variations of bandgap, electron affinity, and even effective conduction
and valence band densities of states.

Threshold voltage shifts, ΔVt in biaxially strained-Si/SiGe CMOS devices,
defined by the shifted 2D energy subbands and modified effective conduction
and valance band densities of states, have been studied in detail by Zhang
and Fossum [7]. Increased electron affinity as well as bandgap narrowing in
the strained-Si layer are shown to be the predominant components of ΔVt,
whereas the density-of-state terms tend to be relatively small but not in-
significant. Energy band diagrams at the flat-band condition for strained-
Si/Si1−xGex n- and p-MOSFETs are shown in Fig. 7.4.

The correlation between the threshold voltage shift and strained layer thick-
ness has been investigated via device simulation by Goo et al. [13]. Fig. 7.5
presents simulated threshold voltage shifts and subthreshold slope changes of
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FIGURE 7.6
Simulated threshold voltage shifts (circles) and subthreshold slope changes

(triangles) of n-MOSFETs, as a function of the thickness of the strained-Si
layer. The Ge content in the relaxed-SiGe layer is 20%, the gate length is 1.0
μm, and the drain bias is 50 mV. After J.-S. Goo et al., IEEE Electron Dev.
Lett., Vol. 24, 2003(568-570). With permission.

strained-Si MOSFETs for different amounts of Ge in the relaxed-SiGe layer.
It is seen that in a certain range of the strained-Si layer thickness, the thresh-
old and subthreshold slope change gradually, posing a concern of larger device
parameter variations. This happens when the depletion edge is close to the
boundary of the strained-Si/SiGe heterojunction structure. A larger thresh-
old distribution has been observed in devices fabricated with a strained layer
thickness comparable to the depletion depth. This result suggests that more
strain makes devices harder to optimize.

The dependence on the thickness of the strained-Si layer is shown in Fig.
7.6. A gradual transition is observed in the range of 15-35 nm strained-Si
thickness, both for the threshold shift and subthreshold slope change. It is
expected that the device parameter fluctuations are larger in that range of
thickness, subject to the strained layer thickness variation. This phenomenon
is related to the strained layer thickness and channel depletion depth.

Strained-Si devices with two different strained layer thicknesses were fabri-
cated using an identical standard CMOS process. The strain of Si is obtained
from a Si layer grown epitaxially on a relaxed-Si0.80Ge0.20 layer. A CMP step
was introduced in the middle of SiGe epitaxy to reduce the surface roughness
[16]. Overall thermal budget and etch steps were controlled tightly to mini-
mize strain relaxation, Ge outdiffusion, and strained-Si consumption. Due to
the germanosilicide problem, NiSi was employed instead of CoSi [17].
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FIGURE 7.7
Calculated energy band diagrams for the heterojunction of the strained-Si

and 20% SiGe layers for different strained layer thickness. The solid and
dotted lines represent Vgs = Vt and Vgs = 0 V, respectively. The dashed
line is the Fermi level. (a) 10 nm. (b) 40 nm. After J.-S. Goo et al., IEEE
Electron Dev. Lett., Vol. 24, 2003(568-570). With permission.

In contrast, p-MOSFETs exhibit only -40 mV threshold shift per 10% Ge
increase, with negligible degradation of the subthreshold slope. This is partly
because the conduction band offset is smaller than the valence band offset.
Another reason is that the valence band offset acts like a barrier to the holes
in p-MOSFETs and forms a parasitic buried channel confining a substantial
amount of holes at the interface between the strained-Si and SiGe. As these
holes are virtually an extra amount of inversion charges induced by the band
structure itself without increasing the gate bias, they make the threshold shift
further smaller. A similar phenomenon contributes to the n-MOSFET with a
thick strained-Si layer illustrated in Fig. 7.7(b).

Figs. 7.7(a) and (b) compare the band structures for two different strained
layer thicknesses. If the thickness is smaller than the depletion depth at zero
gate bias, as illustrated in Fig. 7.7(a), the valence band offset fully contributes
to the threshold shift. The subthreshold slope degrades due to the higher de-
pletion capacitance, as a consequence of the higher dielectric constant of SiGe
and shallower channel depletion depth. On the other extreme, if the strained
layer thickness is larger than the maximum depletion depth, the valence band
offset partially contributes to the threshold shift and subthreshold slope de-
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FIGURE 7.8
Measured threshold voltage shifts, with respect to control devices, for different
strained-Si layer thicknesses. The symbol and bar represent the average and
minimum-maximum distribution, respectively. The Ge content in the relaxed-
SiGe layer is 20%, the gate length is 1.0 μm, and the drain bias is 100 mV.
The dotted line is MEDICI simulation results presented in Fig. 7.6. After
J.-S. Goo et al., IEEE Electron Dev. Lett., Vol. 24, 2003(568-570). With
permission.

grades slightly only due to the smaller bandgap of the strained-Si layer.
The parasitic buried channel is also a reason of smaller threshold shift as

discussed earlier. In the intermediate range of the thickness, depending on the
gate bias, the depletion edge moves across the boundary of the heterojunction
structure, thus the threshold becomes different. In such a case, the surface
band bending also lowers the band hump in the middle of the strained layer.
Like the well-known DIBL effect, this phenomenon results in transfer of extra
amount of electrons from the heterojunction valley to the surface channel.
Therefore the gate has a better control on the inversion charge. This improves
the subthreshold slope as shown in Fig. 7.6.

The depletion depth is subject to scaling, and thus will decrease. On the
other hand, the strained layer thickness is not scalable since it needs to be
thick enough to confine the wave function - at least 5.7 nm is required to keep
the mobility enhancement [16]. This implies that the depletion depth may
be comparable to the strained layer thickness at a future technology node,
causing worse device uniformity.

Fig. 7.8 shows measured threshold voltage shifts for two different strained
layer thicknesses, with respect to the nominal value of conventional Si devices.
Both cases showed comparable subthreshold slopes. Some devices with thicker
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strained layer showed anomalous characteristics, possibly due to the misfit
dislocation, and are excluded. Devices with a thicker strained-Si layer exhibit
a smaller threshold shift but with twice as much variation, supporting the
earlier discussion.

7.2 Uniaxial Stress: Process Flow

A process flow has been developed that allows the strain to be independently
controlled for n- and p-MOSFETs by adjusting capping films stress for n-type
and Ge content in the source/drain region for p-type. The mismatch in the
SiGe to Si lattice causes the p-MOSFETs to be under compressive strain. For
small devices the near-complete (if not completely strained due to the lack of
misfits) biaxially strained-SiGe in the source/drain region creates significant
uniaxial compression in the channel as confirmed by three-dimensional finite
element analysis.

Thompson et al. [9] have introduced compressive uniaxial strain in strained-
Si p-MOSFETs by inserting a Si recess etch and selective epitaxial Si1−xGex

(x = 0.2) layer in the source/drain region in a standard CMOS logic technology
process flow. The unique advantage of this uniaxial strained-Si process flow is
that on the same wafer, compressive strain is introduced into the p- and tensile
strain in the n-MOSFETs to improve both the electron and hole mobility.
Furthermore, by confining the SiGe to the source/drain and introducing it
later in the process flow, the integration challenges become simpler than the
biaxial approach and MOSFET self-heating is unchanged [9].

Ghani et al. [18] have reported a combined technique of selective SiGe
source-drain and high-stress silicon nitride capping layer, which is a low-cost
and highly manufacturable process to induce strain in transistors and allow
for separate optimization of pMOS and nMOS devices. The strained pMOS
transistor structure features an epitaxially grown compressively strained-SiGe
film embedded in the source drain regions. Fig. 7.9 shows a TEM cross-
section of the pMOS transistor. A combination of compressive SiGe strain and
embedded SiGe S/D geometry induces a large uniaxial compressive strain in
the channel region, thereby resulting in significant hole mobility improvement.
Dramatic (> 50%) strain-induced hole mobility enhancement is due to channel
strain. As shown in Fig. 7.10, the uniaxial strain for this pMOS device results
in higher mobility enhancement vs. vertical electric field relative to a biaxially
strained device.

Fig. 7.11 shows a TEM cross-section of an nMOS transistor. The unique
feature of this nMOS structure is the integration of a post-salicide “highly-
tensile” silicon nitride capping layer. The stress from this capping layer is
uniaxially transferred to the nMOS channel through the source-drain regions
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FIGURE 7.9
TEM of pMOS Transistor. A strained epitaxial SiGe film is embedded into the
source drain region to induce compressive strain in the channel region. After
T. Ghani et al., IEEE IEDM Tech. Dig., 2003(978-980). With permission.

FIGURE 7.10
Hole mobility as a function of vertical effective field for uniaxially strained

pMOS device relative to conventional biaxially strained substrate techniques.
After T. Ghani et al., IEEE IEDM Tech. Dig., 2003(978-980). With permis-
sion.
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FIGURE 7.11
TEM of 45-nm nMOS Transistor. nMOS device is capped with a specially

engineered high tensile stress silicon nitride layer to induce tensile channel
strain. After T. Ghani et al., IEEE IEDM Tech. Dig., 2003(978-980). With
permission.

FIGURE 7.12
Measured integrated film stress and the resultant nMOS Idsat improvement

with increasing tensile film thickness. Tensile film thickness is selected to
increase nMOS Idsat by 10% for the devices. After T. Ghani et al., IEEE
IEDM Tech. Dig., 2003(978-980). With permission.
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to create tensile strain in nMOS channel.
Fig. 7.12 shows modulation of measured integrated film stress and the

resultant nMOS Idsat improvement with increasing tensile film thickness for
the devices. Capping layer thickness is selected to be ∼ 75 nm for the devices
to provide 10% nMOS Idsat gain from tensile channel strain. This approach to
strain engineering has an advantage over the conventional biaxially strained
substrate technique in that it uses standard Si wafers and avoids the cost,
defect and other process-integration issues associated with SiGe wafers.

7.3 Strained-Si MOSFETs with SiC-Stressor

Recently there has been a great deal of interest in channel engineering through
the introduction of local stress. Both the SiGe and SiC have been used in
the source/drain regions to introduce stress locally for device drive current
enhancement. A novel 50-nm gate length strained-Si n-MOSFET comprising
SiC S/D regions, metal gate, and high-k gate dielectric was demonstrated
[19, 20]. Fig. 7.13 shows the transistor structure with Si1−yCy stressors
in the source and drain regions. The SiC regions act as stressors, giving
rise to lateral tensile strain and vertical compressive strain in the channel to
enhance electron mobility. In addition, the SiC/Strained-Si heterojunction
at the source end of the transistor provides for enhanced electron injection
velocity from the source (Fig. 7.13). The Ids-Vds characteristics of a 50-nm
gate length Lg transistor with SiC S/D regions shows 50% enhancement in
drive current over a control transistor at a gate over-drive (Vg-Vt) of 1.0 V,
as shown in Fig. 7.14.

The spacing Lg between the stressors, the C mole fraction y, h, and d are
varied. The theoretical limit of the channel stress is determined by the maxi-
mum stress that can be generated at the Si/SiC interface before dislocations
are generated. The maximum stress depends directly on the carbon mole frac-
tion and the limit is defined by the following equation σ = Eε/(1-ν) = 76.5y
(GPa) where Eo is silicon Young’s modulus, ν is silicon Poisson’s ratio, and ε
is the strain induced by the difference of the Si and Si1−yCy lattice constants
(ε = 0.34y). When the uniaxial tensile strain is induced in the channel region,
an enhanced electron mobility is obtained. Also, the conduction band offset
ΔEc at the heterojunction between the SiC source and the strained-Si chan-
nel enables injection of electrons with additional energy ΔEc, or at a higher
velocity, leading to higher Ids.

The partially-relaxed SiC stressors in the source and drain regions tensilely
strain the Si channel laterally, leading to a large tensile stress σxx that extends
throughout the channel region. It has been observed that in case of anisotropic
recess etch, for a given carbon mole fraction the amount of stress in the channel
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FIGURE 7.13
Schematic showing n-MOSFET structure with Si1−xCx source and drain

(S/D) regions. Gate length Lg is 50 nm. Conduction band profile along S-
to-D is also shown, illustrating enhanced electron injection velocity from the
source into the strained-Si channel. After K. W. Ang et al., IEEE IEDM
Tech. Dig., 2004(1069-1071). With permission.

FIGURE 7.14
Output characteristics at various gate overdrives (Vg-Vt). n-MOSFET with

SiC S/D regions demonstrate 50% Ids enhancement at a gate length of 50
nm. After K. W. Ang et al., IEEE IEDM Tech. Dig., 2004(1069-1071). With
permission.
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FIGURE 7.15
Raising the stressor height h leads to more tensile lateral stress σxx After J.

Huang and S. T. Chang, Semicond. Dev. Res. Symp., 2005(107-108). With
permission.

is determined by etch depth, which correlates to the SiC thickness, and the
etch shape. The Si1−yCy stressors affect two major strain components, the
lateral stress σxx and the vertical stress σyy. If the lattice of Si0.987C0.013 is
fully strained to assume the lattice constant of the underlying Si substrate,
then the value of strain in the Si0.987C0.013 source/drain region will be 0.45%,
and there will be no strain in the Si substrate.

Commercial process simulator FLOOPS-ISE [21] generated results are shown
in Figs. 7.15-7.18. The impact of interstressor spacing L, the recess depth
d, raised height h, and C content y in the Si1−yCy stressors on the spatially
stressed components in the channel region are shown. Increasing the stressor
height h in a raised S/D structure while maintaining the same stressor depth
d leads to a more tensile stress σxx (Fig. 7.15). Figure 7.16 shows that for
a given L of 50 nm and C content of 1.3%, increasing the depth of the SiC
stressor, increases lateral stress σxx in the Si channel while slightly decreasing
vertical stress σyy in that one.

For a given L of 50 nm and d = 60 nm, increasing the C mole fraction y,
i.e., the lattice mismatch between the SiC stressor and the channel, increases
the magnitude of both σxx and σyy linearly (Fig. 7.17). For a given y of 1.3%
and d = 60 nm, decreasing L increases the magnitudes of both σxx and σyy,
as shown in Fig. 7.18. In general, σxx is more uniformly distributed and is
larger in magnitude than σyy.

The electrical characteristics of the strained-Si n-MOSFETs were simulated
with DESSIS [22] using the strain-induced mobility models [23] to account for
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FIGURE 7.16
Lateral and vertical strain components, σxx and σyy, respectively, in the

surface channel plotted as a function of the depth of the Si1−yCy stressor.
After J. Huang and S. T. Chang, Semicond. Dev. Res. Symp., 2005(107-
108). With permission.

FIGURE 7.17
Lateral and vertical strain components, σxx and σyy, respectively, in the

surface channel plotted as a function of the C mole fraction y in the Si1−yCy

stressor. After J. Huang and S. T. Chang, Semicond. Dev. Res. Symp.,
2005(107-108). With permission.
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FIGURE 7.18
Lateral and vertical strain components, σxx and σyy, respectively, in the

surface channel plotted as a function of the spacing between the source stressor
and drain stressor. After J. Huang and S. T. Chang, Semicond. Dev. Res.
Symp., 2005(107-108). With permission.

the change of mobility in highly strained regions. A spatial averaging of the
stress components over the region where the inversion electron resides was
used to get the mobility enhancement. In general, the contribution of lateral
stress σxx to mobility enhancement is found to be larger than that of vertical
stress σyy. 100% mobility enhancement is achievable with L = 50 nm, d =
60 nm, h = 20 nm, and y = 1.3%, as shown in Fig. 7.19. The thick lines are
drawn with L of 5 nm, 50 nm, 100 nm, and 180 nm to guide the eye for the
purpose of the optimal design. The mobility enhancement is approximately
two times saturation drain current enhancement due to smaller sensitivity of
saturation drain current on channel electron mobility (see Fig. 7.19(b)).

In the following, the magnitude and distribution of stress components, the
origin of the stress field, and their relationship to electron mobility enhance-
ment have been discussed. It is shown that the strain effect due to the SiC
S/D stressors as well as the increased electron injection velocity, may play
an important role at sub-100 nm gate lengths. Reducing the interstressor
spacing, and increasing the C content and the recessed depth/raised height
of the SiC stressors are three ways to achieve high strain levels in the Si
channel region for drive current and enhanced electron mobility in n-channel
metal-oxide-semiconductor transistors.
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FIGURE 7.19
(a) Increasing the Carbon mole fraction in Si1−yCy stressor and reducing

L and larger d leads to larger lateral stress σxx and vertical stress σxx. (b)
Correlation of the simulated saturation drain current increase to mobility
increase. The dotted line is drawn with a slope of 0.5 to guide the eye. The
solid squares denote the case of L = 50 nm and d = 60 nm. The solid triangles
denote the case of L = 50 nm and carbon mole fraction of 1.3%. The open
circles denote the case of L = 50 nm and carbon mole fraction of 1.3%, and h
= 20 nm in all cases. After J. Huang and S. T. Chang, Semicond. Dev. Res.
Symp., 2005(107-108). With permission.
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7.4 Biaxial Strain: Process Flow

Strained-Si technology offers opportunities to the CMOS manufacturers to
obtain performance and flexibility without increasing costs, and to the circuit
designers of products that demand the latest CMOS capabilities at reasonable
cost. SiGe-based devices have shown advantageous DC and rf performance
using the enhanced electronic properties associated with strain engineering
and heterojunction energy barriers. An important point to mention is that
the equipment and processes used in standard epitaxial Si wafer processing can
be readily implemented for the manufacture of strained-Si substrates. Once
wafer costs are addressed, the next consideration for this technology is the
ease of fabrication of strained-Si devices and circuits. The typical sequence
of steps for the fabrication of CMOS circuits upon strained-Si substrates is
unchanged, which means that no equipment changes or specialty processes
are required. Overall, the process changes that are necessary can be simpler
than those required for moving from one node of standard CMOS technology
to the other. However, there are specific modules that need to be updated,
as the material properties of the strained-Si substrate are somewhat different.
An additional benefit is the fact that no new equipment is required with
strained-Si technology.

Perhaps the one feature of strained-Si technology that distinguishes it most
from bulk-Si technology is the fact that the thin film of strained-Si, which is
limited in thickness due to critical thickness constraints, cannot be stripped
indiscriminately. In practice, as long as approximately 5 nm of strained-Si
remains at the end of the processing sequence, the transistors will exhibit
optimal performance.

With these constraints in mind, strained-Si transistors have been fabricated
at aggressive manufacturing nodes. Various groups have reported demonstra-
tion of sub-100 nm channel length MOSFETs on strained-Si on relaxed-SiGe
heterostructures [14, 24, 25, 26, 27]. In both nMOS and pMOS, the elec-
trostatic design of the strained-Si device is very similar to the conventional
Si MOSFETs. So with careful design that takes into account some of the
issues that are described in the following sections, short-channel effects that
are equivalent to the unstrained-Si devices can be obtained in strained-Si
MOSFETs.

Depending on the extent of transistor engineering, the first generation of
strained-Si technology has exhibited approximately 30% drive current en-
hancement for nMOS transistors, and 5-10% drive current enhancement for
pMOS transistors incorporating into existing mask sets and designs, prolong-
ing the life cycle of circuit designs. The infrastructure for design does not
change with strained-Si technology, so circuit designers can expect SPICE
models and design libraries similar to those they receive from the fabrication.

In the following, we discuss the integration scheme of dual-strained surface-
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FIGURE 7.20
Process flow for fabricating strained and relaxed-SiGe, and the CMOS struc-
ture fabricated. After L. K. Bera et al., IEEE Electron Dev. Lett., Vol. 27,
2006(350-353). With permission.
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channel CMOS structure, i.e., tensile-strained Si n-MOSFET and compres-
sive strained-SiGe p-MOSFET. This has been accomplished by forming the
relaxed and compressive strained-SiGe layers simultaneously on an Si/SiGe-
on-insulator (SOI) substrate, through varying SiGe film thicknesses, followed
by a thermal condensation technique to convert the Si body into SiGe with
different Ge concentration and with different strains (including the relaxed
state). A p-MOSFET with compressive (ε ∼ -1.07%) strained-SiGe and the
n-MOSFET in tensile strained-Si over relaxed-Si0.80Ge0.20 exhibited signif-
icant hole (enhancement factor ∼ 1.9) and electron (enhancement factor ∼
1.6) mobility enhancements over the Si reference.

Fig. 7.20 describes the process flow and device structures. Starting wafers
were n-type (100) 8-in SOI with Si thickness of 75 nm over buried oxide (BOX).
Si was thinned to 30 nm using thermal oxidation and wet etch, followed by
ultrahigh vacuum chemical vapor deposition of Si0.85Ge0.15 ∼ 130 nm. This
SiGe thickness was kept below the critical thickness for a deposition tempera-
ture of 580oC to minimize misfit dislocations. Mesa structures were patterned
and etch-stopped on the BOX. Subsequently, two different SiGe thicknesses
were obtained on the wafer by selectively masking the location that was in-
tended to retain a thick SiGe (∼ 130 nm) and to etch the unmasked SiGe to
∼ 90 nm using HBr/Cl2 chemistry. After photoresist and polymer removal,
wafers were subjected to a condensation process started with 1050oC N2 an-
neal followed by cyclic oxidation and anneal steps at the same temperature to
condense Ge into the underlying Si to form Ge-rich SiGe. The N2 annealing
is beneficial to homogenize Ge across the SiGe and underlying Si.

After preparing the final SiGe substrates, the oxide was striped selectively
from relaxed-SiGe regions using dilute hydrofluoric acid (HF:H2O2 = 1:25)
solution where nMOS fabrication was intended. A thin (15 nm) Si was then
epitaxially grown at 580oC on a relaxed-SiGe island selectively to achieve
the tensile strained-Si, followed by oxide strip from the rest of the wafer
(i.e., compressive strained-SiGe areas). All wafers received DHF (HF:H2O2

= 1:200) clean, followed by low-temperature gate oxidation by RTO (tox ∼
2.5 nm on strained-Si and control Si and ∼ 4 nm on SiGe as measured by
an ellipsometer). The interface qualities for both gate stacks on Si and SiGe
channels were found to be similar based on C-V measurement. Interface trap
densities were estimated to be ∼ 4×1010 cm2 eV−1 at midgap for all three
cases. Poly-Si ∼ 130 nm was deposited at 580oC and patterned. The lightly
doped source/drain (S/D) was implanted with As (8×1014 cm−2/10 keV) and
BF2 (4×1014 cm−2/7 keV) for nMOS and p-MOS, respectively. A spacer with
low-pressure CVD SiN ∼ 800 Å was formed, followed by deep S/D implant
and spike anneal (1000oC/N2). After contact, Al metallization sintering was
done in forming gas at 420oC/30 min.

Fig. 7.21 shows the output characteristics Id-Vd of n/p-MOS for compres-
sive strained-SiGe and tensile strained-Si in comparison with Si control ref-
erence devices. nMOS shows ∼ 1.64 drive current enhancement; meanwhile,
a significant enhancement of ∼ 1.9 is also observed in p-MOS. For both n-
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FIGURE 7.21
Output characteristics (Id-Vd) of n- and p-MOSFETs with strained-Si

over relaxed-Si1−yGey (y = 20%) and in pMOS with compressive strained-
Si1−zGez (z = 45%), respectively, in comparison with the unstrained-Si ref-
erence. The gate drive Vg in all presented has been normalized to Vt·W =
10μm and Lg = 0.3 μm. After L. K. Bera et al., IEEE Electron Dev. Lett.,
Vol. 27, 2006(350-353). With permission.

and p-MOSFETs, the drive current enhancements are consistent with their
respective tensile and compressive strain levels. Fig. 7.22 shows the electron
and hole mobility enhancement factors obtained as a function of the incorpo-
rated Ge mole fraction, along with the published theoretical and experimental
data. The mobility performances from control devices are similar to the uni-
versal curves for electron and hole. Electron mobility shows an enhancement
factor of ∼ 1.6 (μeff,strained−Si/μeff,control = 524/320 at 0.8 MV/cm) over
control-Si reference, close to the calculated value. A significant hole mobility
improvement is also observed. The enhancement factor of hole mobility is
∼ 1.9 (μeff,strained−Si/μeff,control = 130/67 at 0.8 MV/cm), which is lower
than the calculated value but quite close to the bulk strained-SiGe.

High strain and high Ge content increase the difficulty of various process
integration issues, and due to the small hole mobility enhancement at high
vertical fields, strained-Si is expected to provide only limited enhancement in
the future technology nodes. As discussed in chapter 3, strained-Si/relaxed-
SiGe heterostructures can be formed on a layer of insulator. Such structures,
which are known as SiGe-on-insulator (SGOI), combine the enhanced carrier
transport in strained-Si with the advantages of SOI MOSFETs. One major
difference between SGOI devices and bulk strained-Si devices on graded buffer
is that the SiGe layer in SGOI needs to be significantly thinner.
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FIGURE 7.22
(a) Electron and (b) hole mobility enhancement factor in n-MOSFETs with

strained-Si over relaxed-Si1−yGey (y = 20%) and in pMOS with compressive
strained-Si1−zGez (z = 45%), respectively, in comparison with calculated and
experimental published data. After L. K. Bera et al., IEEE Electron Dev.
Lett., Vol. 27, 2006(350-353). With permission.
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FIGURE 7.23
Plots for relative compositions of Ni, Si, and Ge in the nickel-germanosilicide
grain. Ge is gradually expelled and diffused from the silicide grains with
increasing annealing temperature. After S. Chattopadhyay et al., Solid-State
Electron., Vol. 48, 2004(1407-1416). With permission.

Reduction of the process thermal budget may lead to an unacceptable in-
crease in device parasitics, compromising the advantages gained by the use of
high-mobility channel. A further issue to be considered is the consumption
of the strained-Si surface layer during device fabrication through different
cleaning and oxidation. To meet the requirement for desired performance,
sufficient strained-Si must be left for the channel formation after processing.
The strained-Si channel thickness is a crucial parameter in this complex design
space. If the channel is too thin, Ge diffusion up to the Si/SiO2 interface may
give rise to an unacceptable level of interface charge. Moreover, the strained-
Si channel will be unable to contain the inversion layer charge, leading to an
increase in carrier scattering and degraded device performance.

The implementation of a reliable and reproducible SALICIDE (self-aligned
silicide) process in strained-Si/Si1−xGex Si1−xGex CMOS technology is a ma-
jor challenge. The critical thickness for strained-Si is very small (< 10 nm)
for 20-30% of Ge composition in the virtual substrate [28]. The remaining
strained-Si layer in the source and drain regions after undergoing different
cleans is too thin for silicidation. As the strained-Si layer in the source/drain
regions is thin, the thermal reaction during silicidation will certainly extend
to the underlying Si1−xGex layer and Si1−xGex will take part in the thermal
reaction. The presence of Ge in the Si1−xGex layer changes the silicide reac-
tion mechanism in many ways. For example, Si1−xGex inhibits the transition
of cobalt silicide to its lowest resistive disilicide (CoSi2) phase [29]. Also, Ge
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FIGURE 7.24
Plots of normalized sheet resistance of the Ni-silicide films annealed at dif-

ferent temperatures for 60 s. Plots show that the films achieve their lowest
resistive phase in the range of 400-600oC. After S. Chattopadhyay et al.,
Solid-State Electron., Vol. 48, 2004(1407-1416). With permission.

FIGURE 7.25
Scanning electron microscope (SEM) images for the surface of Ni-silicided

films annealed at (a) 500oC and (b) 800oC for 60 s. After S. Chattopadhyay
et al., Solid-State Electron., Vol. 48, 2004(1407-1416). With permission.
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FIGURE 7.26
Transmission electron microscope (TEM) images for the surface of Ni-silicided
films annealed at (a) 500oC and (b) 700oC for 60 s. After S. Chattopadhyay
et al., Solid-State Electron., Vol. 48, 2004(1407-1416). With permission.

promotes agglomeration during silicidation. Using an elevated source/drain
is a solution [30] but its implementation needs extra cleaning and processes,
such as selective epitaxy.

TiSi2 is the most commonly used silicide for SALICIDE technology in con-
ventional Si MOSFETs. But its transition to its lowest resistive TiSi2 phase
(C-54) requires a high annealing temperature (> 850oC). There are increased
risks of strain relaxation and strong agglomeration at such high temperatures.
Rim et al. [31] used Ti-SALICIDE process at low thermal budget for the fab-
rication of strained-Si MOSFET and the resulting resistivity of the silicide
film was high. Nickel silicide (NiSi) is a potential candidate for deep submi-
cron strained-Si/SiGe CMOS devices because of its low Si consumption, low
thermal budget, and one-step annealing to achieve its lowest resistive phase
[32]. Moreover, Ni-silicide can support a low resistant polycide line down to
< 50 nm.

When an Ni film is deposited on SiGe layer and annealed, Ni-germanosilicide
[Niy(Si1−xGex)1−y] is formed [17, 33]. The reaction mechanism is complex
compared with the reaction with pure Si. The heats of formation for NiSi
and NiGe are -45 and -32 kJ/mol, respectively. Thus, thermodynamically
Ni prefers to react with Si and as a result, Ge is repelled and diffused from
the germanosilicide grains and segregates inbetween the silicide grains. Fig.
7.23 shows the relative composition of the elements Si, Ni, and Ge in the
germanosilicide grain when rapid thermally annealed at different temperatures
for 60 s. The Ge content in germanosilicide grains decreases with increasing
annealing temperature.
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Plots of the normalized sheet resistance are shown in Fig. 7.24. The sili-
cide films were grown on relaxed-Si1−xGex layers of different Ge content and
annealed at different temperatures for a systematic study. Results for a Ni-
silicide film grown on a Si substrate are also included. All the silicide films
achieve the lowest sheet resistance value in the temperature range of 400-
600oC. The plots indicate that the process window for Ni-silicide film on
Si1−xGex varies with Ge composition in the alloy.

Figs. 7.25(a) and (b) are the scanning electron microscope (SEM) images
which show Ni-germanosilicide films annealed at 500 and 800oC, respectively.
Up to an annealing temperature of 500oC, the film is smooth and continuous
but as the annealing temperature increases the film loses its uniformity and
transforms into discrete silicide islands distributed over the Si1−xGex layer
due to strong agglomeration.

Figs. 7.26(a) and (b) show transmission electron microscope (TEM) im-
ages for Ni-silicided films annealed at 500 and 700oC, respectively. The
silicide/Si1−xGex interface is apparently very smooth at 500oC. But the 700oC
annealed film shows that some Si1−mGem (m = x) grains have started to ap-
pear inbetween the silicide grains, making the film discrete. Further studies
revealed that at higher annealing temperatures more Ge diffuses out from
the germanosilicide grains and reacts with substrate Si1−xGex layer, creating
higher Ge content Si1−mGem grains [17, 33]. Also, it is reported that with
increasing annealing temperature, germanosilicide grains migrate into the
Si1−xGex virtual substrate, increasing Ge concentration on the top Si1−xGex

layer [34].
Generally, three areas of development that need to be considered when

considering the commercial use of global strained-Si technology:
• Concurrent optimization of nMOS and pMOS transistors needs to be

explored more thoroughly. A systematic development effort is required to
elucidate the complete benefits of global strained-Si technology.

• Defects (misfit dislocations) at gross levels at the interface between strained-
Si and the Si1−xGex alloy have been shown to increase transistor leakage lev-
els. However, no significant results have been reported on the mechanisms
for the leakage or methods to mitigate such leakage. Further research and
development is required to improve the understanding on this topic.

• Leakage and reliability mechanisms associated with threading dislocations
and other defects are not yet clearly understood.

7.5 Scaling of Strained-Si MOSFETs

Mizuno et al. [35] have reported the physical mechanisms for both the electron
and the hole mobility reductions in thin strained-Si structures on strained-
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SOI. From low- and room-temperature measurements of the electron mobility
in thin and thick strained-Si structures, the decrease in the electron mobility
at a low transverse electric field has been attributed to the enhanced phonon
scattering by the quantum mechanical confinement of inversion electrons in
the conduction band well of the strained-Si layer. On the other hand, the
reduction in hole mobility at higher Eeff is attributable to the reduced energy-
splitting between the light and the heavy hole bands in the inversion layers,
because a smaller subband energy shift of the inversion heavy holes diminishes
the energy splitting introduced by the strain in Si layers with increasing Eeff .
However, the reduction in hole mobility in the thinner strained-Si layers at
lower Eeff is caused by Coulomb scattering due to a higher interface state
density in p-MOSFETs, which can be associated with the GeO2 formation in
the gate oxide layer generated by Ge atoms diffused from SiGe layers. In the
following, we discuss the device design for FD strained-SOI CMOS under sub-
100 nm regimes for high-end logic ULSIs, considering the physical mechanism
for the mobility reduction. As a result of these mobility-lowering mechanisms,
a new device-design guideline regarding the strained-Si thickness and the Ge
content is needed to realize high-speed thin film strained-SOI CMOS devices
in 25-nm gate length regimes.

We discuss below the design for the strained-Si thickness and the Ge con-
tent for realizing the carrier mobility enhancement even at high Eeff which
greatly affects the drain current. SCEs need to be suppressed by thinning the
strained-Si-SiGe body for the reduction in the increase of the Coulomb scatter-
ing associated with the higher channel dopant. Therefore, the total thickness
of the strained-Si and the SiGe Tsc layers should be thinner than Leff/4 to
suppress SCE, according to the empirical knowledge in FD SOI-MOSFETs,
which is also verified by the device simulation of the strained-SOIs [36]. As a
result, when Leff is 25 nm, Tsc needs to be smaller than 6.3 nm. According
to the above discussion, it is necessary to satisfy the following factors:

• the lower limit of the Ge content;
• the upper limit of strained-SOI thickness based on the SCE;
• the lower limit of Tsc to suppress the increase in both the phonon scatter-

ing due to the confinement effects of electrons (see Fig. 7.27) and the Coulomb
scattering caused by the holes (see Fig. 7.28), and

• the upper limit originating in the critical thickness of the strained-Si on
the relaxed-SiGe layers to avoid the relaxation of the strain in the strained-Si
layer [28].

In the case of p-MOS, a minimum Ge mole fraction of 0.3 is needed because
the energy splitting between LH and HH should be larger than the optical
phonon energy even at high Eeff . On the other hand, Ge mole fraction for
nMOS should be higher than 0.1, according to the relationship between the
electron mobility enhancement and the Ge content [37]. In the case of nMOS,
Fig. 7.27 shows that TSi of 3 nm is not the limitation, because there is no
degradation of electron mobility even at high Eeff . However, as observed
from Fig. 7.28, the hole mobility degradation at TSi of 3 nm, therefore, TSi
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FIGURE 7.27
Electron mobility enhancement against that of control SOI MOSFETs vs.

temperature at (a) low (0.4 MV/cm) and (b) high electric field (0.7 MV/cm).
The circles and the squares show the results of TSi of 21 nm and 3 nm, re-
spectively. (b) Even at low temperatures and a high electric field, the electron
mobility is still enhanced. After T. Mizuno et al., IEEE Trans. Electron Dev.,
Vol. 51, 2004(1114-1121). With permission.
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FIGURE 7.28
Hole mobility enhancement of TSi of 21 nm (circles) and 3 nm (squares)

against that of control SOI MOSFETs vs. temperature at (a) low (0.4
MV/cm) and (b) high electric fields (0.7 MV/cm). The hole mobility en-
hancements peak at around 150 K. The hole mobility enhancements at low
Eeff rapidly decrease with temperature lower than 200 K. After T. Mizuno et
al., IEEE Trans. Electron Dev., Vol. 51, 2004(1114-1121). With permission.
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needs to be thicker than at least 3 nm for p-MOSFETs. Fig. 7.29 summarizes
the conditions for the Ge content and to satisfy the above three factors. The
optimum conditions for the Ge content, as in the dashed area in Fig. 7.29, are
obtained where x ≥ 0.3 and 3 nm ≤ TSi ≤ 6.3 nm, when the channel length
is 25 nm.

Strained-Si channel MOSFETs have been shown to be very promising for
CMOS applications beyond the 50-nm technology node since in strained-Si
layers, grown on relaxed-SiGe, carrier mobility increases. However, recent
studies show that the mobility of strained-Si n-MOSFETs degrades as the
gate length becomes shorter [31], which raises scalability issues in strained-Si
MOSFETs. Stress relaxation in strained-Si MOSFETs can be significant in
the presence of compressive stress imposed by trench isolation, especially for
highly scaled active regions. Stress of the strained region is reduced by 2/3
when the active region is scaled from Lactive = 0.4 μm to 0.1 μm. Mobility
can be lower by 50% for narrow active widths resulting from the strain relax-
ation. The strain relaxation may restrict the use of strained-Si MOSFETs for
technology nodes beyond 25 nm.

Also, the thermal conductivity of Si0.8Ge0.2 is 15 times lower than that of
bulk-Si, such that self-heating problems similar to that for SOI can cause
performance degradation in strained-Si devices. This imposes technology
limits of strained-Si devices in terms of electrical and thermal characteris-
tics. Electrothermal characteristics of strained-Si MOSFETs, operating in
the high-current regime, have been studied using device simulation [38]. Shal-
low trench isolation-induced compressive stress reduces carrier mobility and
drive current in bulk nMOS. The compressive stress in silicon from trench
isolation makes the nMOS drive current highly sensitive to the transistor lay-
out. Thus, problems arise when the process-induced stress relaxes the tensile
stress in the strained layer for scaled active regions. Choi et al. [38] have per-
formed detailed stress analysis based on lattice and thermal mismatch models
for SiGe and silicon depositions, as well as STI formation by using 2D and 3D
process/device simulations. Fig. 7.30 shows the cross-section of a strained-Si
layer, which is grown on the relaxed-SiGe seed layer with a Ge mole frac-
tion of 0.2. The strained-Si nMOS has a strained-Si layer of 15 nm thickness
and source/drain junction depth of 50 nm. The gate length is 130 nm and
the gate oxide thickness is 2.5 nm for both structures. The channel dopant
concentration for both structures is about 1×1018 cm−3 in the presence of
halo implantation. The lattice constant of SiGe is based on Vegard’s law and
the lattice mismatch strain is calculated when Si is grown on the SiGe layer.
Stress relaxation is calculated for a structure where the trench is etched out
and oxide filling is then used.

Fig. 7.31 shows two-dimensional stress analysis results of a strained ac-
tive region with STI for different lengths of active layers (Lactive). The initial
stress (σxx) in the strained Si layer is 1400 MPa for Lactive = 0.4 μm (Lg = 0.1
μm), which is reduced to 1033 Mpa after the STI process. The tensile stress
in the strained layer is reduced down to 600 MPa and 350 MPa as Lactive is
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FIGURE 7.29
Design guideline for TSi and Ge content in 25-nm gate length region. TSc, Tl,
Tc, and x are the upper limit thickness of strained-SOIs for suppressing the
SCEs, the lower limitation of TSi for quantum mechanical confinement, the
critical thickness of strained-Si on SiGe layers, and the lower limit of the Ge
content for preventing the reduction of the energy splitting between the heavy
and the light holes at higher Eeff , respectively. The dashed region shows the
optimized conditions for TSi and the Ge content. After T. Mizuno et al.,
IEEE Trans. Electron Dev., Vol. 51, 2004(1114-1121). With permission.

FIGURE 7.30
A cross-section of strained-Si active layer on Si0.8Ge0.2 layer. After R. W.

Dutton and C.-H. Choi, Presentation in NSTI Nanotechnology Conference
2004.
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scaled to Lactive = 0.2 μm (Lg = 50 nm) and Lactive = 0.1 μm (Lg = 25 nm),
respectively. Strain relaxation is dependent not only on the device geome-
try, but also on thermal annealing. Three-dimensional device simulations are
performed based on the stress-induced bandgap change model, in which the
bandgap varies with regard to mechanical stress and strain tensors in silicon
region.

Fig. 7.32 shows simulated Id-Vg and gm-Vg based on stress calculations for
different annealing conditions after STI process: 1 s, 800oC and 10 s, 850oC.
This implies that mobility enhancement degrades for the higher temperature
annealing condition that enhances strain relaxation. Fig. 7.33(a) shows σxx

contours for different active widths; stress relaxation in the strained layer is
enhanced for the narrower active width due to impact of the surrounding STI.
As a result, mobility enhancement of the narrow width device (i.e., W = 0.2
μm) is reduced by more than 50% compared to that of the wider device (i.e.,
W = 1.7 μm), as shown in Fig. 7.33(b).

Fig. 7.34(a) shows simulated Id-Vd curves for strained- and bulk-Si devices
(Vg = 0 V). The snapback voltage of the strained-Si device is lower than that
for bulk-Si device. The hold voltage (Vh), i.e., the minimum voltage required
for the bipolar operation, is also lower for the strained-Si device. The second
breakdown triggering current (It2) for strained-Si device is higher relative to
bulk-Si device. As a result, the power density and peak lattice temperature
during the parasitic bipolar operation are lower for the strained-Si device
than that for bulk-Si device. The thermal conductivity of Si0.8Ge0.2 is 15
times lower than that of bulk-Si, such that self-heating problems similar to
that for SOI can cause performance degradation in strained-Si devices.

Fig. 7.34(b) shows peak temperature vs. drain current (Id) for bulk- and
strained-Si devices. There is an abrupt increase of lattice temperature at 8
mA/μm of drain current for the bulk-Si device. as a result, thermal failure
occurs for the bulk-Si device (T > Tc 1650oK) when the drain current is 10
mA/μm (It2) due to its high power density. This implies that even though
the thermal dissipation of strained-Si is worse compared to silicon due to
the 30 times lower thermal conductivity of SiGe layer, the local temperature
overheating can effectively be suppressed in strained-Si devices owing to the
higher bipolar gain and current uniformity.

The scaling trend of strained-Si MOSFETs has also been studied via simula-
tion. The 2D process-to-device simulations have been carried out with Silvaco.
The DC and AC performance of deep submicron strained-Si devices have been
simulated using several transport models viz., extended drift-diffusion and
hydrodynamic/NEB models to investigate the technology scaling issues via
process simulation. The parameter models and mobility expressions include
the effects of alloy composition and mechanical strain on the band structure
of Si/SiGe alloys and the corresponding interfaces. Generally, band offsets
enable carrier confinement whereas band splitting affects the effective mass
and the density of states, reducing the amount of intervalley scattering and,
as a result, enhancing carrier transport in the strained layer.
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FIGURE 7.31
Two-dimensional stress analysis in a strained-Si channel MOSFET with STI.
(a) stress (σxx) contours for Lactive = 0.4 μm (Lg = 0.1 μm) and Lactive = 0.1
μm (Lg = 25 nm) and (b) comparison of tensile stresses in strained-Si layer
along the channel direction for different active channel lengths. After R. W.
Dutton and C.-H. Choi, Presentation in NSTI Nanotechnology Conference
2004.
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FIGURE 7.32
Simulated Id-Vg and gm-Vg based on stress calculation for different annealing
conditions after STI process: 1 s, 800oC and 10 s, 850oC. After R. W. Dutton
and C.-H. Choi, Presentation in NSTI Nanotechnology Conference 2004.

To predict the performance enhancement via simulation, it is essential to
model the band alignment and strain effects within the heterostructure and, as
has been discussed before, were used in the simulation. The ATHENA process
simulation framework from Silvaco was used for the process simulation of a
typical strained-Si MOSFET with scale-down structures. Typical Si CMOS
fabrication process steps were used in simulation using SSuprem-4 process
simulation suit of ATHENA. Simulation for implantation was performed with
As+ and BF2

+ implant model, to create deep and shallow S/D regions and
the p-well, respectively, for strained-Si. The ion energies were chosen from
standard processing data; to locate the peak-implanted concentration near
the SiGe/Si heterointerface and the ion dose used was 2-5×1015 cm−2. The
simulated device structure is shown in Fig. 7.35.

An important figure-of-merit of RF MOSFETs or HBTs is the cutoff fre-
quency ft. This is the frequency at which the small-signal current gain of
the transistor rolls off to unity (i.e., 0 dB). Fig. 7.36 shows the simulated
current gain vs. frequency with variable gate length of n-channel MOSFETs.
For sub-45 nm gate length n-MOSFETs, the cutoff frequency can reach as
high as 210 GHz. Fig. 7.37 shows the minimum noise figure and propagation
delay, obtained from the calibrated n-MOSFET from simulation. It is clear
that the noise and delay performances degrade with scaling, though the DC
performance of the devices is enhanced. Thus, challenges remain regarding
the modeling and optimization of strained-Si for RF wireless applications.
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FIGURE 7.33
STI effects for narrow width active strained region, (a) Sxx contours for

W/L = 0.2 μm/0.1 μm and 1.7 μm/0.1 μm (b) Szz stress-induced mobility
enhancements for W = 0.2 and 1.7 μm. After R. W. Dutton and C.-H. Choi,
Presentation in NSTI Nanotechnology Conference 2004.
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FIGURE 7.34
Id-Vd vs. temperature for strained-Si nMOS and bulk-Si nMOS. (a) Vd vs.

lattice temperature and (b) Id vs. lattice temperature. After R. W. Dutton
and C.-H. Choi, Presentation in NSTI Nanotechnology Conference 2004.

7.5.1 Layout Dependence

With the downscaling of CMOS technology, MOSFET characteristics become
more sensitive to the device layout pattern [39, 40]. In a conventional STI
process, gap-fill oxide (TEOS) is deposited after dry etching of trench and
the trench wall oxidation of typical 30 nm thickness at 1000oC. During high-
temperature densification at 1000oC, oxides grow inevitably at the STI wall
and increases its volume, and thus mechanical stress is generated at the shal-
low trench isolation edge [41]. This mechanical stress in the device affects
the device characteristics in various ways [42, 43, 44, 45], for example, carrier
mobility, hot carrier immunity, and dopant diffusion. STI-induced stress also
causes crystal defects and increases the junction leakage [41]. There are some
reports on enhancing device performance using mechanical stress [46, 47].

Due to the presence of stress in a MOSFET, the threshold voltage, transcon-
ductance, and saturation drain current are affected by the layout pattern
change in spite of the same drawn gate length and width. This will result in a
significant influence on the precise analog and logic circuits with many layout
patterns, because the device characteristics are now different even though the
circuit design parameters are the same and the device parameter cannot be
described in a single parameter set. Thus the active-area layout dependence
of CMOS device characteristics studies has become very important. The lay-
out dependence has been investigated using mechanical stress simulation by
Miyamoto et al. [48]. An approach to reduce shallow trench isolation-induced
mechanical stress and its impact on reducing active-area layout dependence
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FIGURE 7.35
Simulated device structure obtained from ATHENA simulation for an n-

channel strained-Si MOSFET. After A. R. Saha and C. K. Maiti, unpublished
data.



Strained-Si Heterostructure MOSFETs 335

FIGURE 7.36
Simulated current gain vs. cutoff frequency as a function gate length for

n-channel strained-Si MOSFETs. After A. R. Saha and C. K. Maiti, unpub-
lished data.

FIGURE 7.37
Simulated noise and delay performances for n-channel strained-Si MOSFETs.
After A. R. Saha and C. K. Maiti, unpublished data.
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FIGURE 7.38
Dependence of threshold voltage on active-area length (La) in 0.18 μm CMOS
technology. Here, L and W are constant (Lg = 0.14 μm) and Wg = 15 μm)
with La variation. After M. Miyamoto et al., IEEE Trans. Electron Dev.,
Vol. 51, 2004(440-443). With permission.

of MOSFET characteristics has also been reported.
In the layout parameter, active-area length (length from the gate edge to

the STI edge, La) has significant influence on device characteristics. Also, the
influence of layout pattern is different for n- and p-MOSFETs. Active-area
length dependence of 0.18 μm CMOS technology (Lg = 0.14 μm) is shown in
Fig. 7.38. The Vth of the n-MOSFET increases with decreasing La, in spite
of the same gate length (0.14 μm) and width (15 μm). In contrast, the Vth

of the p-MOSFET is almost independent of La. The device characteristics
Ids-Vth plot of nMOS and pMOS transistors with La = 0.3 μm and La = 10
μm are compared in Fig. 7.39. In n-MOSFET with La = 0.3 μm, the Vth are
about 50 mV higher than that of the La = 10 μm devices. However, the Ids

of both devices appeared to be the same when the Vth is adjusted because
these plots are on the same Ids-Vth line. In contrast, the Vth distribution of
p-MOSFET is almost the same for both devices. The origin of increasing Vth

in n-MOSFET with smaller La is that the large compressive stress originating
in the STI edge reduces the diffusion of pocket ion implants (Boron) and the
doping concentrations in channel edges become higher. The mechanism of
these phenomena is schematically shown in Fig. 7.40.

Large compressive stress originating at the STI edge spreads to the center
of the transistor region. The simulated La dependence of longitudinal com-
pressive stress in x-direction at the center of the channel region is shown in
Fig. 7.41. The stress increases rapidly with decreasing La in a critical length.
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FIGURE 7.39
Ids-Vth plot of nMOS and pMOS transistors with La = 0.3 μm and La =

10 μm. After M. Miyamoto et al., IEEE Trans. Electron Dev., Vol. 51,
2004(440-443). With permission.

FIGURE 7.40
Schematic mechanism of increasing Vth in n-MOSFET and increasing Ids

in p-MOSFET with decreasing La. After M. Miyamoto et al., IEEE Trans.
Electron Dev., Vol. 51, 2004(440-443). With permission.
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FIGURE 7.41
Simulated dependence of compressive stress in x direction on La at the center
of channel region. In case of asymmetric La layout, only stress from one side
STI edge is accounted. In case of symmetric layout, stress from both sides
of STI edge is considered. After M. Miyamoto et al., IEEE Trans. Electron
Dev., Vol. 51, 2004(440-443). With permission.

In the asymmetric layout as shown in the schematic in Fig. 7.41, only the
stress from one STI edge is accounted. In the symmetric layout, the stresses
from both sides of STI edges are added up and become larger than that in the
asymmetric layout. The symmetric La-0.3 μm device has compressive stress
of 750 MPa, which is about 600 MPa higher than that of the La-10 μm device.

7.5.2 Thickness Dependence

Biaxial tensile strained-Si is achieved from the growth of a thin, 100-200 Å, sil-
icon layer on top of fully or partially relaxed-SiGe due to the lattice mismatch
between the layers. Fiorenza et al. [49] have studied the effect of the strained-
Si layer thickness on the characteristics of strained-Si MOSFETs on SiGe vir-
tual substrates. n-MOSFETs were fabricated on strained-Si substrates with
various strained-Si thicknesses, both above and below the strained-Si critical
thickness. The low-field electron mobility and subthreshold characteristics
of the devices were measured. It has been shown that the low-field electron
mobility is increased by about 1.8 times on all wafers and is not significantly
degraded on any of the samples, even for a strained-Si thickness far greater
than the critical thickness. From the subthreshold characteristics, it was ob-
served that the off-state leakage current is greatly increased for the devices
with a strained-Si thickness that exceeds the critical layer thickness.
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FIGURE 7.42
Subthreshold characteristics of strained-Si MOSFETs with a strained-Si

thickness above and below the critical thickness. The devices that are above
critical thickness (14.5 nm, 20 nm, and 100 nm) show greatly increased levels
of off-state leakage current, while the device below the critical thickness (12.5
nm) does not. Both the source current and the drain current are shown and
they are equal in the elevated leakage regime. The leakage path is known to
extend from the drain to the source, and not from the drain to the substrate.
After J. G. Fiorenza et al., Semicond. Sci. Technol., Vol. 19, 2004(L4-L8).



340 Strained-Si Heterostructure Field Effect Devices

FIGURE 7.43
(a) Schematic views of a strained-Si MOSFET, showing the drain current

leakage mechanism in strained silicon films containing misfit dislocations. (b)
Misfit dislocations at the Strained-Si/SiGe interface form dislocation pipes
and result in highly localized points of current. After J. G. Fiorenza et al.,
Semicond. Sci. Technol., Vol. 19, 2004(L4-L8).



Strained-Si Heterostructure MOSFETs 341

The subthreshold characteristics of transistors (Lg = 0.8 μm, W = 200 μm)
on each of the four Strained-Si wafers are compared in Fig. 7.42. The devices
on the wafer with 12.5 nm of strained-Si show normal behavior: the drain
current falls exponentially with gate voltage for a gate voltage moderately
below threshold and then settles to a constant current floor for a gate voltage
far below threshold. However, the devices fabricated on wafers with strained-
Si thicker than tcrit show aberrant behavior. They suffer from greatly elevated
levels of off-current leakage, and the magnitude of the leakage current increases
with the thickness of the strained silicon beyond the tcrit.

The authors have also explained the mechanism of the elevated leakage
current observed in the Strained-Si MOSFETs beyond the critical thickness
by considering the position of the misfit dislocations in the structure of the
MOSFET, as shown in Fig. 7.43. The misfit dislocations form at the silicon
SiGe interface and can cross between a MOSFET source and drain. These
misfit dislocations form dopant diffusion pipes that cause localized source-
to-drain shorts, resulting in increased off-current levels. There are several
alternative explanations for the increased off-state leakage current. Misfit
dislocations could cause leakage between the drain and the substrate, not
between the drain and the source or the leakage could occur due to direct
conduction along a dislocation, and not involve dopant diffusion in any way.

Most strained-Si MOSFET results published to date utilize substrates with
strained-Si over the critical thickness. It is very important to establish the
correct limit on the Strained-Si thickness, and to understand the implications
on MOSFET performance of the use of supercritical films. In general, the
strained-Si thickness should be below the strained-Si critical thickness to avoid
strained-Si relaxation and mobility degradation.

7.5.3 Orientation Dependence

As the hole mobility on (110) surface is about two times as high as that on
(100) surface [50, 51, 52, 53], p-MOSFETs on a (110) surface will be useful for
the improvement of drain current drive and for realizing high-speed CMOS
circuits, as well as reducing the imbalance between n- and p-channel drive
current. Although the hole mobility on (110) surface is about two times as
high as that on (100) surface, the electron mobility of (110) n-MOSFETs
is much lower and about one half of that of (100) counterpart [50, 53, 54].
However, the lower electron mobility is a serious problem for the enhancement
of CMOS current drive. As a result, it is important to develop a new device
technology with enhanced electron mobility in the (110)-surface CMOS.

High-speed strained-Si silicon-on-insulator CMOS devices on (100) surface,
using the strained-Si channel with high carrier mobility on relaxed SiGe-on-
insulator (SGOI) substrates, have been demonstrated by several research
groups [37]. Strained-SOI n-MOSFETs, successfully fabricated on (110)-
surface, show an electron mobility enhancement of 23% along the (001) direc-
tion, against that of the (110)-surface unstrained-bulk MOSFETs [54]. As a
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result, the electron mobility ratio of (110) strained-SOI n-MOSFETs to the
universal mobility of (100) bulk MOSFETs increases up to 81%.

Mizuno et al. [55] have reported n-MOSFETs on (110)-surface strained-
SOI. The (110) strained-SOI substrates can be realized by epitaxially growing
30-nm-thick strained-Si films on (110)-surface relaxed SGOI structures. A
200-nm thick strained-SiGe layer with the Ge content of 10% was epitaxially
grown on the (110) SOI wafers, where the SOI and the buried-oxide thicknesses
were 35 and 300 nm, respectively. The strained-Si channel was formed on
(110) relaxed-SGOI substrates, fabricated by the germanium condensation
technique to (110)-surface SOI substrate with the (111) cut plane. The 130-nm
thick (110) relaxed-SGOI substrates were realized by oxidizing this strained-
SiGe layer of the Ge condensation technique of SiGe layer at 1200oC [56]. The
Ge content of the (110) SGOI substrate was 25%, and the relaxation rate was
about 64%, resulting in the effective Ge content of 16%, which is equivalent
to the lateral lattice constant of fully relaxed-SGOI substrates with x of 16%.

The subthreshold swing of (110) strained-MOSFETs were 160 mV/dec,
although the subthreshold swing of (110) bulk devices is about 70 mV/dec.
From the subthreshold swing values of strained-MOSFETs, the gate-oxide
strained-Si interface state density is estimated to be about 2×1012 cm−2 eV−1,
which is due to the quality of the (110) strained-SOI substrate without any
optimization. The drain leakage current of (110) strained-SOIs was lower than
0.1 pA at the drain bias of 1.5 V.

Fig. 7.44 shows the behaviors of (110) strained-SOI MOSFETs (closed char-
acters) and (110) unstrained-bulk-MOSFETs (open characters) as a function
of the effective electric field. As shown as the inset, the current flow direc-
tion of (110) strained-SOI and (110) bulk-MOSFETS are 10 and 0o tiled from
the <001> direction, respectively. The solid line shows the electron universal
mobility of (100) bulk MOSFETs [57]. The electron mobility was measured
from the drain currents at Vd = 5 mV, and the gate-to-channel capacitance
in various current flow directions, using n-MOSFETs with Weff/Leff = 102
μm/200 μm. The mobility enhancement in (110) strained-SOI MOSFETs is
higher in the whole range of Eeff than that of (110) bulk-MOSFETs. The
maximum mobility enhancement factor against the μeff of the (110) bulk-
MOSFETs is 23% at Eeff of around 0.3 MV/cm. The slope of the μeff -Eeff

characteristics of (110) strained-SOI devices, which is almost the same as that
of (110) bulk-MOSFETs and is larger than that of (100) devices, also indi-
cates the larger contribution of surface roughness scattering at (110) surface
orientation [54]. The electron mobility enhancement strongly depends on the
current flow direction (see Fig. 7.45) and has the maximum value of 23% along
the <001> direction, which can be explained by the anisotropic conductivity
mass of the four-fold valleys. The electron mobility of strained-SOI MOS-
FETs has the maximum value along the <001> direction, and the mobility
enhancement against that of the (110) bulk MOSFETs amounts to 23%.
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FIGURE 7.44
Effective electron mobility as a function of (closed circles) transverse effective
field of (110) strained-SOI and (open squares) (110) unstrained-bulk MOS-
FETs for inversion-layer in nMOS, where the effective Ge content is 16%.
After T. Mizuno et al., IEEE Electron Dev. Lett., Vol. 24, 2003(266-268).
With permission.

FIGURE 7.45
(110) electron mobility (closed circles) of strained- and bulk-MOSFETs (open
squares) vs. the current flow direction tiled from the <001> direction, where
Eeff is 0.2 and 0.5 MV/cm. The upper x-axis shows the equivalent direction
of the current flow direction. After T. Mizuno et al., IEEE Electron Dev.
Lett., Vol. 24, 2003(266-268). With permission.
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FIGURE 7.46
Transfer characteristics according to the DD model (a) and output charac-

teristics computed by Monte Carlo simulation (b) of an unstrained-Si DG-
MOSFET and a strained-Si SG-MOSFET with a channel oriented along the
crystallographic in-plane (110) or (100) direction. Note that there is no dif-
ference between the (110) and the (100) directions in the strained-Si transfer
characteristics at Vds = 50 mV (a), because the anisotropy only appears at
higher drain voltages (see (b)). After F. M. Bufler et al., Semicond. Sci.
Technol., Vol. 19, 2004(S122-S124).

7.5.4 Hetero-FETs: Single Gate vs. Double Gate

Bufler et al. [58] have used self-consistent full-band Monte Carlo simulations
to compare the performance of nanoscale strained-Si single-gate (SG) and
unstrained-Si double-gate (DG) MOSFETs for a gate length of 25 nm. It has
been show that almost the same on-current as in the DG-MOSFET can be
achieved by strain in a SG-MOSFET for the same gate overdrive. This is due
to the compensation of the higher electron sheet density in the two inversion
channels of the DG-MOSFET by the higher strain-enhanced velocity in the
channel of the SG-MOSFET. The on-current of the strained-Si SG-MOSFET
is almost 10% larger for a channel orientation along the crystallographic (100)
direction than for the (110) direction.

Fig. 7.46(a) shows the transfer characteristics where the Ge content and
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FIGURE 7.47
Profiles along the channel of (a) the sheet density obtained by integration

of the electron density perpendicular to the Si/SiO2 interface over the silicon
film thickness tSi and (b) the drift velocity, averaged perpendicularly to the
interface with the electron density, in the on-state of the three device config-
urations of Fig. 7.46. After F. M. Bufler et al., Semicond. Sci. Technol., Vol.
19, 2004(S122-S124).

the doping level in the SiGe buffer were adjusted to yield, similar to the DG
MOSFET, a threshold voltage of about Vt ∼ 0.5 V. The off-current in the
strained-Si MOSFET is about three orders of magnitude larger than in the DG
MOSFET, but the value of 0.1 nA/μm is still very small and appropriate for
high-speed applications. The output characteristics in Fig. 7.46(b), computed
for the same gate overdrive of Vgs-Vt = 0.5 V, demonstrate that almost the
same on-current Ion as in the DG MOSFET can be achieved by strain in a
SG MOSFET.

Fig. 7.47 shows the profiles of sheet density and drift velocity It is observed
that the higher charge density of the two inversion channels in the DG MOS-
FET is compensated by a higher drift velocity in strained-Si. This confirms
that the on-current is determined by quasiballistic transport, because the
maximum enhancement of the in-plane velocity in bulk (001)-strained-Si in
the 100 direction is 5% at medium electric fields (the low-field mobilities and
saturation velocities are the same and the difference in the thermal injection
velocities is negligibly small), whereas the transient bulk velocity overshoot
peak is 30% larger in the (100) direction. This simulation study shows a high
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FIGURE 7.48
Schematic layer sequence and band diagram for SSOI: (a) SSOI structure:

strained-Si on SGOI, (b) bulk-SiGe control: strained-Si/relaxed-SiGe on bulk-
Si substrate, (c) band diagram of SSOI under n-FET bias condition, and (d)
band diagram of SSOI under p-FET bias condition, where holes are populated
on the surface strained-Si layer (surface channel). After Z. Cheng et al., SMA
Symposium 2003.

potential of both DG and strained-Si MOSFETs for the nanoscale regime.
However, to decide which of the two approaches is to be preferred will re-
quire more detailed investigations considering also, e.g., restrictions on Ioff

or fabrication-related issues.

7.5.5 Hetero-FET: Dual Channel Structure

Various heterostructure substrates have been used to investigate biaxial strain
and high-mobility channel materials, including epitaxial structures on bulk
substrates and silicon-on-insulator implementations. Relaxed-SGOI is a ver-
satile substrate that can be used to integrate various device structures, such
as strained-Si devices on SGOI, pure Ge devices on SGOI, and III-V optoelec-
tronics on SGOI, utilizing SGOI’s capability of matching the lattice constant
of SiGe with other materials. Surface-channel SSOI structure has been consid-
ered as a promising structure for high-mobility CMOS [59, 60, 61, 62], with
enhancement of both electron and hole mobilities. Several workers [63, 64]
have used tensile strained-Si layer grown on relaxed-SGOI substrate (SSOI
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FIGURE 7.49
Schematic layer sequence and band diagram for dual-chanel SGOI: (a) dual-
channel SGOI structure: strained-Si and strained-Si1−yGey on SGOI, (b)
bulk-SiGe control: strained-Si/ strained-Si1−yGey/relaxed-Si1−xGex (y > x)
on Si substrate, (c) band diagram of dual-channel SGOI under n-FET bias
condition where an electron channel forms on the surface strained-Si layer
(surface channel), and (d) band diagram of dual-channel SGOI under p-FET
bias condition where the hole channel forms on the buried strained-Si1−yGey

layer (buried channel). After Z. Cheng et al., SMA Symposium 2003.

structure) to obtain significant electron mobility enhancement in surface chan-
nel strained-Si n-MOSFETs. To further boost hole mobility, compressively
strained-Si1−yGey grown on relaxed-Si1−xGex structure (y > x) can be used
for p-MOSFETs [65]. An excellent review the status of research on Si/SiGe
heterostructure MOSFETs in bulk and on-insulator technologies involving
substrate strain may be found in reference [66].

A dual-channel MOSFET structure combining a tensile strained-Si layer for
n-MOSFETs and a compressively strained-Si1−yGey layer for p-MOSFETs
has been proposed for CMOS [67]. Such a dual-channel structure on bulk
relaxed-SiGe substrate has shown a significant hole mobility enhancement (up
to 5.15 times at field of 0.3 MV/cm for 80% strained-SiGe on 50% relaxed-
SiGe) in p-MOSFETs. In the following, we discuss the performance of both
n- and p-MOSFETs fabricated on these two structures. The n-MOSFETs
require a thick enough strained-Si layer for its electron surface channel. The
p-MOSFETs, on the other hand, require the surface strained-Si layer to be
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very thin, otherwise parasitic hole channel will form in this strained-Si layer
at high gate bias.

In a SSOI structure, a tensile strained-Si layer is grown on a relaxed SGOI
substrate as shown schematically in Fig. 7.48(a) where the relaxed-SiGe layer
has Ge fraction of 22%. The surface-channel CMOS devices built on SSOI
structure provide enhancement on both electron and hole mobilities. The
corresponding band diagrams of SSOI under n-FET and p-FET bias condition
are illustrated in Figs. 7.48(c) and (d), respectively. Electrons and holes
are both populated at the surface strained-Si layer for n- and p-MOSFETs,
respectively. As surface-channel devices, SSOI CMOS has advantage on the
subthreshold slope.

Unlike surface-channel SSOI CMOS discussed above, dual-channel SGOI
structures utilize different layers for electron channel and hole channel. As
shown in Fig. 7.49(a), the surface strained-Si layer is used for n-MOSFETs
(surface channel), and the underneath strained-Si1−yGey layer for p-MOSFETs
(buried channel). In this structure, a compressively strained Si0.4Ge0.6 layer
and then a tensile strained-Si layer are grown on relaxed-SGOI substrate
where the relaxed-SiGe layer has a Ge fraction of 30%. The correspond-
ing band diagrams under n-FET and p-FET bias condition are illustrated in
Figs. 7.49(c) and (d), respectively. This structure features high hole mo-
bility enhancement. Starting with a relaxed-Si0.7Ge0.3 buffer, for example, a
strained-Si layer provides n-MOSFETs over 80% mobility enhancement, while
a strained-Si0.4Ge0.6 (60% Ge fraction) layer gives p-MOSFETs about 200%
hole mobility enhancement as demonstrated by experiment in bulk-SiGe sub-
strate [67].

From device performance point of view, the surface-channel SSOI gives good
subthreshold characteristics. The dual-channel SGOI structure, on the other
hand, provides much higher hole mobility than SSOI structure. It also has
the advantage to optimize strained-Si layer and strained-Si1−yGey layer for
nMOS and p-MOS separately. But the presence of the strained-Si1−yGey layer
may affect the performance of nMOS devices. From process point of view,
selective etching the surface strained-Si layer on the p-MOSFET regions only
and stopping at a thin Si thickness is a process challenge, and the process for
dual-channel CMOS thus becomes more complicated than SSOI. Moreover,
higher Ge fraction epi layer may subject to higher defect density during epi
growth.

Fig. 7.50 shows the effective electron mobilities vs. effective field from n-
MOSFETs on SSOI structure and the bulk-SiGe control structure (strained-
Si/relaxed-SiGe) respectively, plotted with the universal mobility from refer-
ence [57]. The mobilities are extracted from drain current measurements with
low drain voltage and with the inversion charge extracted from the gate-to-
channel capacitance CGC from the same device. Typical drain current output
characteristics of the n-MOSFETs on SSOI and on bulk-SiGe control structure
are shown in Fig. 7.51. The subthreshold characteristics are shown in Fig.
7.52. The subthreshold swing are 84 mV/dec and 86 mV/dec for SSOI and
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FIGURE 7.50
Measured effective electron mobility vs. effective electric field from n-

MOSFETs on SSOI structure and bulk-SiGe control structure. The mobilities
are extracted from drain current with the inversion charge extracted from the
gate-to-channel capacitance. After Z. Cheng et al., SMA Symposium 2003.

FIGURE 7.51
Drain current output characteristics: drain current vs. drain voltage for SSOI
(closed circle), and bulk-SiGe control (open circle). Channel length: 50 μm,
channel width: 40 μm. The SiGe body contact terminal is grounded during
measurement. After Z. Cheng et al., SMA Symposium 2003.
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FIGURE 7.52
Subthreshold characteristics: drain current vs. gate voltage at low drain

voltage for SSOI (open circle), and bulk-SiGe control (closed circle). Channel
length: 50 μm, channel width: 40 μm. The SiGe body contact terminal is
grounded during measurement. After Z. Cheng et al., SMA Symposium 2003.

FIGURE 7.53
Transconductance characteristics divided by channel width. SSOI: open cir-

cle; bulk-SiGe control: closed circle. Channel length: 50 μm, channel width:
40 μm. The SiGe body contact terminal is grounded during measurement.
After Z. Cheng et al., SMA Symposium 2003.
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FIGURE 7.54
Subthreshold characteristics of dual-channel SGOI: drain current vs. gate

voltage at low drain voltage for p-MOSFETs on dual-channel SGOI, dual-
channel bulk-SiGe control, and CZ Si control. Channel length: 20 μm. The
SiGe body contact terminal is grounded during measurement. After Z. Cheng
et al., SMA Symposium 2003.

FIGURE 7.55
Measured effective hole mobility vs. effective field from p-MOSFETs on

dual-channel SGOI, dual-channel bulk-SiGe control, and CZ Si control. The
mobilities are extracted from drain current with the inversion charge extracted
from the gate-to-channel capacitance. After Z. Cheng et al., SMA Symposium
2003.
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FIGURE 7.56
The mobility in enhancements in strained-SiGe n- and p-MOSFETs vs. re-

laxed buffer Ge concentration. Data for both single channel and dual channel
structures are shown. Largest performance gain can be attained with SiGe
dual-channel grown on Si0.5Ge0.5. Source: J. L. Hoyt, IFST 2004 Lecture.

bulk-SiGe control, respectively. The corresponding transconductance charac-
teristics divided by channel width (gm/W) are shown in Fig. 7.53. Fig. 7.54
shows the subthreshold characteristic of p-MOSFETs on dual-channel SGOI
and that on dual-channel bulk-SiGe control structure, together with that on
bulk CZ Si control. As a result of buried-channel device, the subthreshold
swing, 85 mV/dec and 88 mV/dec for dual-channel SGOI and bulk-SiGe con-
trol, respectively, are larger than the bulk CZ Si control (65 mV/dec).

Fig. 7.55 shows the effective hole mobilities vs. effective field from p-
MOSFETs on the dual-channel SGOI structure and on the bulk-SiGe control
structure. The mobility from bulk CZ Si control, and the universal mobility
from reference [57], are also shown in the figure for comparison. The plots
show the performance of p-MOSFETs on dual-channel SGOI structure are
very similar to that on the dual-channel bulk-SiGe control. The hole mobility
enhancement over the bulk-Si control is about 90% at effective field of 0.2
MV/cm, and about 60% at 0.5 MV/cm. The enhancement reduces with the
electric field increases, as also observed in the experiment on bulk-SiGe [67].

Although there is enhancement on hole mobility, this enhancement factor
is smaller than what is expected based on the experiment on bulk-SiGe sub-
strate. This is most probably due to the poor control of MOSFET fabrication
process and thermal budget. The anneal step of 850oC for 30 min is be-
lieved too high and may cause the strained-Si1−yGey layer to lose its strain,
leading to small enhancement on hole mobility. Largest performance gain
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can be attained with SiGe dual-channel grown on Si0.5Ge0.5 (see Fig. 7.56).
It may be noted that the highest enhancement observed in a dual channel,
strained-Si/strained-Ge/relaxed-Si0.5Ge0.5 structure, demonstrating an elec-
tron mobility enhancement of 1.7 times for the nMOS, and about a 10× hole
mobility enhancement for the pMOS. These data suggest that mobility can be
enhanced by approximately 1000% over conventional Si MOS mobility, assum-
ing that short-channel device optimization and low temperature processing is
possible.

Table 7.2 shows the comparison between the two SGOI structures for CMOS
applications: (i) the surface-channel SSOI structure and (ii) dual-channel
SGOI structure. The comparison also holds for their two counterpart struc-
tures on bulk-SiGe substrates: i.e., the surface-channel strained-Si/relaxed-
SiGe on Si substrate and the dual-channel strained-Si/strained-Si1−yGey/
relaxed-Si1−xGex on Si substrate.

7.6 Strained-Si MOSFETs: Reliability

The study of the ionization phenomena is of great importance both from the
practical and theoretical points of view. In fact, the current-voltage operating
range and the noise figure of SiGe-based devices are adversely affected by the
onset of impact ionization multiplication, which is enhanced due to the low
energy gap of this material.

Strained-Si technology holds great promise in the continuing drive to push
CMOS along the scaling roadmap [68]. Currently, research in this area is
mainly focused on logic applications. In mixed-signal applications, such as for
wireless communication applications, where a high-frequency power amplifier
function is essential, impact ionization becomes very important because it
ultimately determines the breakdown voltage and subsequently determines the
maximum power that the technology can deliver. At this time, little is known
about the potential of strained-Si technology for mixed-signal applications.
Impact ionization is also a significant consideration in device design for most
other applications as it greatly affects device reliability.

Furthermore, as opposed to the behavior observed in most semiconductors,
a reduction of the common-emitter breakdown voltage BVCEO with increas-
ing temperature has been observed in SiGe HBTs [69]. The understanding
of this behavior is of great importance due to the possible onset of a posi-
tive feedback loop between power dissipation and ionization-induced increase
of output current. This may also be an important issue in electro-thermal
modeling of SiGe-based devices.

Avalanche multiplication characteristics of Si1−xGex photodiodes for the
entire composition range 0.08 < x < 1. The impact ionization coefficients have
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TABLE 7.2

Comparison of Surface-channel SSOI and dual-channel SGOI
structures. After Z. Cheng et al., SMA Symposium 2003.

Structure Surface-channel Dual-channel
SSOI structure: SGOI structure:

strained-Si on SGOI strained-Si/
strained-Si1−yGey

on SGOI
Electron mobility High High

Hole mobility Moderate High
Channel: Surface channel Surface channel

for n-MOSFETs
surface or buried for both n- Buried channel

and p-MOSFETs for p-MOSFETs
Strained-Si Same for n-MOSFETs Thicker
thickness and p-MOSFETs for n-MOSFETs,

thinner for p-MOSFETs
Parasitic channel Parasitic channel Parasitic channel
for p-MOSFETs may form in may form in

the relaxed-SiGe the surface strained-Si
layer at low bias layer at high bias:

The strained-Si layer
needs to be very thin

to avoid
parasitic channel

Process complexity Simpler More steps: thinning Si
layer in pMOS region

Optimization Can’t optimize Can optimize separately:
for nMOS separately strained-Si for
and pMOS nMOS, and

strained-Si1−yGey

for p-MOS
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been calculated from measured multiplication coefficients. Theoretical Monte
Carlo simulations of impact ionization in strained-Si have also been carried
out. Both studies show an increase in the impact ionization coefficient over
that of bulk-Si. Experimental results of impact ionization coefficients in Si
and Ge show that Shockley’s model [70] is applicable to these semiconductors.

The impact ionization process depends largely on the band structure and
bandgap. Impact ionization occurs when highly energetic charge carriers ex-
cite an electron to the conduction band (or hole to the valence band) to create
an electron-hole pair. The electron-hole pair generation rate is given by [71]

G = αnnvn + αppvp (7.8)

where αn is the electron ionization rate defined as the number of electron-
hole pairs generated by an electron per unit distance, αp is the analogous hole
ionization rate, n is the electron concentration, p is the hole concentration,
and vn and vp are the electron and hole saturation velocities, respectively.
A simplified, local field-based empirical expression for the ionization rate is
given by [72]

α = Aexp(−b/E) (7.9)

where A and b are experimentally determined constants and E is the electric
field. Eqn. 7.9 shows that the carrier ionization rate is exponentially depen-
dent on the electric field. Impact ionization in SiGe has been experimentally
studied by means of photodiodes [73].

Waldron et al. [74] have experimentally studied the impact ionization in a
strained-Si/SiGe heterostructure. It has been found that, unlike bulk-Si, im-
pact ionization in this heterostructure has a positive temperature coefficient.
Coupled with the severe self-heating that characterizes this heterostructure,
this results in significantly higher levels of impact ionization when compared
with bulk-Si devices operating under identical conditions. The authors con-
tend that in strained-Si, bandgap narrowing, reduced effective mass, and a
longer mean free path lead to a positive temperature coefficient for impact
ionization.

Fig. 7.58 shows the temperature dependence of the source and body cur-
rents and impact ionization for both strained-Si/SiGe and bulk-Si. Impact
ionization in the strained-Si/SiGe sample exhibits a strong positive depen-
dence on temperature, which is opposite to what is seen in bulk-Si. The
positive temperature dependence of the impact ionization is also apparent in
the breakdown performance of the devices. This is the result of the interplay
between the severe self-heating that occurs as a result of the low thermal
conductivity of the SiGe buffer coupled with a strong positive temperature
dependence of impact ionization in this material system. At 200oC the break-
down voltage of the strained-Si/SiGe devices decreases by 2 V; whereas, it
increases by 0.3 V for the bulk-Si.
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FIGURE 7.57
Ib vs. Vint for the range of ambient temperatures between -40oC and 200oC.
The strained-Si/SiGe sample exhibits a strong positive temperature depen-
dence in contrast to bulk-Si, which has a much weaker negative dependence.
Leakage current in both structures increases at higher temperatures. After N.
S. Waldron et al., IEEE IEDM Tech. Dig., 2003(813-816). With permission.

FIGURE 7.58
M-1 vs. average lateral electric field for the strained-Si/SiGe and bulk-Si test
structures. After N. S. Waldron et al., IEEE IEDM Tech. Dig., 2003(813-
816). With permission.
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The higher body current of the strained-Si sample is indicative of higher
impact ionization as measured by the impact ionization multiplication coeffi-
cient, M-1 = Ib/Is. M-1 is a useful figure of merit to gauge the extra current
generated by impact ionization. As seen in Fig. 7.58, for the same aver-
age lateral electric field (Eavg), M-1 in the strained-Si/SiGe devices is close
to two orders of magnitude higher than in the bulk-Si sample. Further ev-
idence of enhanced impact ionization in the strained-Si/SiGe samples is the
breakdown voltage, which is nearly 4 V lower than in the bulk-Si samples.
A positive temperature coefficient for impact ionization has very significant
implications in device applications, particularly in RF power applications. A
positive temperature coefficient for impact ionization has also been observed
in III-V compound semiconductors. In the InxGa1−xAs system, the tempera-
ture coefficient of impact ionization changes from being negative for GaAs (x
= 0) to becoming positive for InAs (x = 1) at a composition around x = 0.4
[75].

Hot electrons are produced by the high lateral electric field near the drain
in short-channel devices. Hot electrons generate electron-hole pairs via im-
pact ionization, which in turn creates more hot carriers. In surface-channel
MOSFETs, hot electrons and hot holes are injected into the gate oxide via
hot-carrier injection (HCI), leading to the creation of interface states. These
interface states cause shifts in the threshold voltage and increased subthresh-
old slope, which degrades the device performance over time.

While the scaling of power supply voltage has reduced HCI concerns, HCI
degradation will still be significant in the deep nanometer regime [76, 77].
When considering high-mobility strained-Si structures, it is clear that the
higher mobility should lead to more energetic electrons. Also, the lower
bandgap in the strained-Si should make impact ionization easier. These two
factors could cause increased HCI. On the other hand, strained-Si should have
a higher conduction band offset with SiO2, potentially leading to less HCI.

As experimental evidence suggests that strained-Si/relaxed-Si1−xGex struc-
tures have significantly higher levels of impact ionization than unstrained-Si
under identical operating conditions [74], it is important to study the hot-
electron reliability in MOSFETs in the light of self-heating effect and the
high levels of impact ionization. Since a very high longitudinal electric field
exists near the drain of short-channel MOSFETs, many electron-hole pairs are
created. This provokes a cascading phenomenon in which generated carriers
produce even more electron-hole pairs through secondary impact ionization,
intensifying the effect. A hot carrier with sufficient energy can produce more
charge carriers through impact ionization. For strained-Si, one can expect
that the higher carrier saturation velocities that arise from increased channel
mobility would enhance the electron-hole generation rate according to Eqn.
7.8. The reduction of the bandgap in strained-Si due to valley splitting would
also exacerbate impact ionization effects compared to bulk-Si.

The conventional metric for impact ionization in a MOSFET is the sub-
strate current (Isub). For n-MOSFETs, holes generated by impact ionization



358 Strained-Si Heterostructure Field Effect Devices

FIGURE 7.59
Substrate current as a result of impact ionization near the drain in an n-

channel MOSFET.

are collected by the substrate, giving rise to a measurable Isub, as depicted
in Fig. 7.59. Electrons are either collected by the drain or injected into the
gate dielectric. Isub can cause circuit problems, as it leads to noise and CMOS
latchup, but it can also be used to indirectly monitor hot-carrier effects. For
this reason, the bias conditions that have traditionally been used for perform-
ing hot-carrier reliability studies are the biases that correspond to maximum
Isub. The metric for the hot-carrier degradation rate is Isub normalized by the
drain current, or Isub/Id.

7.6.1 Self-heating

Self-heating is a pressing issue for both the silicon-on-insulator and strained-
Si technologies, where the devices are separated from the silicon substrate
by poor thermal conducting layers. Although seemingly counterintuitive, the
level of self-heating in a strained-Si transistor could be comparable with that
of the SOI device due to the poor thermal conductivity of the thick Si0.8Ge0.2

underlayer (∼ 5 W/m-K). The lateral thermal conduction in strained-Si layer
of thickness near 10-20 nm would somewhat reduce the maximum temperature
rise in the device but is significantly reduced due to the phonon-boundary scat-
tering. In the absence of effective tools for subcontinuum heat transfer mod-
eling, reduced thermal conductivity values for thin silicon and Si/Si0.8Ge0.2

are used in a 1D multi-fin model that accounts for the lateral conduction in
the channel, source, and drain, as well as heat loss to the Si0.8Ge0.2 under-
layer. This provides a simple yet effective tool for thermal simulations of the
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FIGURE 7.60
Drain current (Id) vs. drain voltage (Vd) characteristics for 0.3 μm gate

length strained-Si/SiGe and Si control devices measured at gate overdrive
voltages (Vg-Vt) of 1, 2, and 3 V showing the self-heating effect. After S.
H. Olsen et al., IEEE Trans. Electron Dev., Vol. 51, 2004(1156-1163). With
permission.

strained-Si transistors, which can also be extended to the SiGe-on-insulator
(SGOI) technology.

However, the self-heating is a serious concern for both of these devices,
which are separated from the silicon substrate by poor thermal conducting
layers [78]. The level of self-heating in a strained-Si transistor could he com-
parable with that of the SOI device due to the poor thermal conductivity (∼
5 W/m-K) of the thick Si0.8Ge0.2 underlayer. The lateral thermal conduction
in strained-Si layer of thickness between 30 to 200 Å can somewhat reduce
the maximum temperature rise in the device.

In the absence of experimental data and effective tools for subcontinuum
heat transfer modeling, reduced thermal conductivity values for thin silicon
and Si/Si0.8Ge0.2 are used to obtain temperature distribution in a strained-Si
transistor. The output characteristics for a short-channel device are shown in
Fig. 7.60. The strained-Si device exhibits a strong negative differential output
conductance at higher drain voltages. This effect has also been observed in
MOSFETs fabricated in silicon-on-isulator materials, having a low thermal
conductivity, k ≈ 0.014 W/(cm-K). Heat produced in the SOI MOSFETs
cannot get dissipated as rapidly as in devices fabricated on bulk-Si. As a
result, the device itself heats up above the ambient temperature.

Since mobility is a strong function of temperature, and decreases as the
temperature increases, the transconductance of the device also decreases. In
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saturation, the drain current is normally constant with decreasing drain bias,
or rises slightly due to short-channel effects. However, since the power gener-
ated by the transistor is basically Id×Vds, the result of the mobility degrada-
tion caused by self-heating is less drain current as the drain voltage increases.
Note that the time associated with self-heating effects in MOSFETs has been
found to be on the order of 1 μs so the integrated measurements performed
in msec on the HP4145B parameter analyzer all yield steady state values for
the currents.

7.7 Industry Example: TSMC

As discussed in chapter 3, strained-Si on relaxed-SiGe substrates or substrate
strain technology is a promising candidate for transistor performance enhance-
ment (Fig. 7.61). Strain splits the degeneracy in the conduction and valence
bands of Si, enhances the transport properties of electrons and holes, and pro-
vides transistor speed enhancement and, hence, power reduction. However,
current substrate strained-Si technology faces several process integration chal-
lenges that limit its manufacturability. For example, all substrate strained-
Si transistors reported to date have been mostly laboratory demonstration
having narrow-width (W) transistors due to the low yield of wide-channel
transistors. Substrate strained-Si process needs to be optimized to enhance
manufacturability and circumvent difficulties associated with the integration
of the strained-Si/SiGe heterostructure.

In the following, we have chosen a manufacturable substrate strained-Si
technology reported by TSMC [26]. A ring oscillator speed of 6.5 ps at 1.2 V
operation for sub-65 nm substrate strained-Si transistors, and process window
optimization for the integration of a Si/SiGe have been reported. An enhance-
ment (15%) in Ion-Ioff characteristics without correction for self-heating effect
was also reported. The transistors featuring a 1.7-nm gate oxide were fabri-
cated on Si and Si/SiGe substrates.

In long-channel devices, electron mobility enhancement of up to 80% was
obtained with 20% Ge (Fig. 7.62). To fairly evaluate the benefit of strained-Si
on short-channel transistors, the Vt roll-off characteristics of strained-Si and
control devices were exactly matched (Fig. 7.63). At a fixed off-state leakage,
the nMOS drive current Ion is enhanced by 15% (Fig. 7.64) without correcting
for self-heating. The I-V characteristics of 80-nm Lg strained-Si and control
transistors are presented in Figs. 7.65 and 7.66. For comparable subthreshold
slopes, DIBL, and Ioff (Fig. 7.65), 18% current drive enhancement at Vdd =
1.0 V is clearly seen in the Ids-Vds curves (Fig. 7.66) despite the lower output
conductance of strained-Si transistors due to self-heating.

Fig. 7.67 shows that short-channel effects of strained-Si transistors can be
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FIGURE 7.61
Schematic illustration of a strained-Si transistor, (a) misfit dislocations at the
interface between strained-Si layer and relaxed-SiGe layer result from partial
relaxation. (b) Ge atoms diffuse from relaxed-SiGe layer to the surface. After
H. C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.

FIGURE 7.62
Strained-Si transistor exhibits 80% electron mobility enhancement at Eeff =
1 MV/cm. After H. C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-64).
With permission.
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FIGURE 7.63
Vt roll-off characteristics of strained Si and control transistors were matched
exactly. After H. C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-64).
With permission.

FIGURE 7.64
15% enhancement is the largest ever reported for strained-Si transistors.

Correction of self-heating effect adds 10% more enhancement. After H. C.-H.
Wang et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.
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FIGURE 7.65
Comparable Ids-Vgs characteristics of 80-nm Lg strained-Si and control tran-
sistors. After H. C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-64).
With permission.

FIGURE 7.66
Ids-Vds characteristics of 80-nm Lg strained-Si and control transistors. 18%

Ion improvement is achieved at Vdd = 1.0 V. After H. C.-H. Wang et al., IEEE
IEDM Tech. Dig., 2003(61-64). With permission.
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FIGURE 7.67
Vt roll-off characteristics of strained-Si and control transistors. Good SCE

control is observed down to 60 nm Lg for strained-Si transistors. After H.
C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.

well controlled down to Lg = 60 nm despite the enhanced diffusion of As
and P in SiGe. Figs. 7.68 and 7.69 show the I-V characteristics of 60 nm
Lg strained-Si transistors. It should be pointed out that optimizing halo and
source/drain implants to minimize the junction capacitance CJ is crucial for
realizing the advantages of strained-Si. CJ can be deteriorated severely for
nonoptimized strained-Si transistors, negating the expected speed improve-
ment resulting from current drive enhancement. The same or slightly lower CJ

can be achieved for strained-Si transistors by optimizing halo and source/drain
implants. A speed of 6.5 ps for the unloaded ring oscillator is obtained at Vdd

= 1.2 V, the smallest value reported for strained-Si transistors (Fig. 7.70).
A key integration issue is defect reduction. Width dependence of short-

channel effect in strained-Si transistors has been studied. A comparison of
the Vt roll-off characteristics for wide- and narrow-channel transistors demon-
strates that wide-channel strained-Si transistors are more susceptible to Vt

roll-off (Fig. 7.71). Wide- and long-channel (W/L = 10/10 μm) strained-Si
transistors reveal the characteristic orthogonal pattern of misfit dislocations
due to relaxation of the Si/SiGe interface. For a given degree of strain re-
laxation and interfacial dislocation density, narrow-width transistors are less
likely to intersect a dislocation and suffer from increased off-state leakage.
This is the reason for the low yield of wide-channel strained-Si transistors and
the SCE width dependence as shown in Fig. 7.71.

It has been shown that by reducing the thickness of the strained-Si layer
tSi below a value tSi,max, width-dependent SCE can be effectively suppressed.
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FIGURE 7.68
Ids-Vgs characteristics of 60-nm Lg strained-Si transistors. After H. C.-H.

Wang et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.

FIGURE 7.69
Ids-Vds characteristics of 60-nm Lg strained-Si transistors. After H. C.-H.

Wang et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.
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FIGURE 7.70
Unloaded strained-Si ring oscillator gate delay. A speed of 6.5 ps is obtained
at Vdd = 1.2 V. After H. C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-
64). With permission.

FIGURE 7.71
SCE is significantly degraded in wide-channel strained-Si transistors. After

H. C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.
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FIGURE 7.72
Short-channel effect: width dependence in strained-Si transistors is sup-

pressed by tSi < tSi,max. After H. C.-H. Wang et al., IEEE IEDM Tech.
Dig., 2003(61-64). With permission.

Strain relaxation occurs for tSi greater than tSi,max, so that thinner tSi can
eliminate misfit dislocations altogether. The Vt roll-off characteristics for
wide-channel strained-Si transistors are thus improved (Fig. 7.72). This en-
ables the fabrication of wide-channel strained-Si transistors.

Due to critical layer thickness limitation, it is known that a higher Ge mole
fraction in the relaxed-SiGe layer requires thinner tSi,max, consistent with
the model of defect introduction via partial relaxation. However, a reduction
of tSi and/or increase in the Ge concentration in the substrate increases the
likelihood of Ge atoms diffusing to the interface between the gate dielectric and
the strained-Si channel [16]. This introduces interface states and oxide charge
as revealed in the C-V characteristics (Fig. 7.73) and degrades the carrier
mobility (Fig. 7.74). Mobility degradation concerns require that tSi be kept
above a minimum value tSi,min. Evaluating the effect of Ge concentration on
tSi,min, we note that tSi,min increases with increasing Ge concentration (Fig.
7.75).

To prevent the partial relaxation-induced misfit dislocations, tSi should be
kept below tSi,max. On the other hand, tSi must be greater than tSi,min to
avoid mobility degradation by interface states and oxide charge arising from
Ge diffusion to the surface. Therefore, a definition for the process window for
tSi is shown in Fig. 7.76. It is worth noting that the process window narrows
with increasing thermal budget since both strain relaxation and Ge diffusion
are thermally activated. Choosing an optimal process window is important
for obtaining a robust and manufacturable substrate strained-Si technology.



368 Strained-Si Heterostructure Field Effect Devices

FIGURE 7.73
C-V characteristics of strained-Si n-MOSFETs. Interface states and oxide

charge are found for strained-Si transistors with thin tSi. After H. C.-H. Wang
et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.

FIGURE 7.74
Effect of tSi on electron mobility, showing degradation for thin tSi. After H.
C.-H. Wang et al., IEEE IEDM Tech. Dig., 2003(61-64). With permission.
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FIGURE 7.75
Effect of Ge concentration on tSi,min for strained-Si transistors. Thicker

tSi,min is required for higher Ge concentration. After H. C.-H. Wang et al.,
IEEE IEDM Tech. Dig., 2003(61-64). With permission.

FIGURE 7.76
Process window for strained-Si transistors. Selection of tSi for a given ther-

mal budget is limited by the constraints related to misfit defect control and
mobility enhancement. After H. C.-H. Wang et al., IEEE IEDM Tech. Dig.,
2003(61-64). With permission.
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7.8 Industry Example: AMD

Transistor scaling has been the primary factor for driving CMOS performance
improvement for more than last 40 years. Toward further scaling, strained-Si
is being considered to enhance FET performance. In addition to conven-
tional scaling challenges, key issues for strained-Si devices include Si/SiGe
band-offset induced Vt shift, differential diffusion of dopants in SiGe, limited
strained-Si thickness, strain relaxation, and Ge diffusion at high temperatures.
Xiang et al. [14] have reported on the performance enhancement and scala-
bility for strained-Si CMOS devices with Lg down to 25 nm, 1.2 nm nitrided
oxide, and NiSi. Good control of short-channel effects was achieved. NiSi was
found to be superior to CoSi2 for strained-Si devices. Electron mobility en-
hancement resulted in significant Idsat improvement for long channel nMOS.
Due to high doping and significant DC self-heating, the Idsat improvement
diminishes with gate length scaling. Fig. 7.77 shows a strained-Si MOSFET
with a 25-nm Lg patterned by 193-nm lithography. Figs. 7.78 and 7.79 show
the transistor’s I-V characteristics. In experiment, the drive currents of ∼ 615
μA/μm (nMOS) ∼ 317 μA/μm (pMOS) are measured at Vdd of 0.9 V, with
Ioff < 100 nA/μm for both devices.

With thin gate oxide and optimized Vt/halo implants, good control of short-
channel effects was achieved for both p- and nMOS, despite enhanced As dif-
fusion in nMOS. Fig. 7.80 shows good threshold voltage roll-off characteristics
down to 25-nm gate length. Silicide was found to be a key module for realiza-
tion of the strained-Si technology. SiGe in strained-Si substrate inhibits Co
silicide transition to the low resistivity phase, resulting in a high silicide sheet
resistance with a large variation. Ni reacts with both strained-Si and SiGe
and forms low sheet resistance silicide and germanosilicide [17]. Fig. 7.81
shows the sheet resistance and standard deviation for Ni and Co silicides in
strained-Si devices with typical silicidation processes.

Measured electron and hole mobility characteristics are shown in Fig. 7.82.
Compared to the unstrained device, strained-Si nMOS displays significant
mobility enhancements over a wide Eeff range. No significant hole mobility
improvement was observed for the strained-Si structure studied. The electron
mobility enhancement results in significant Idsat improvement (> 50%) for
long-channel nMOS (Fig. 7.83). However, the Idsat improvement diminishes
as the gate length is scaled down. There is almost no Idsat improvement for
25-nm devices at room temperature. The reduction in Idsat enhancement is
believed to be due to high channel doping and severe self-heating in short-
channel devices. The high channel doping in short-channel devices caused by
halo implants degrades mobility. Low thermal conductivity of SiGe and high
drive current of short-channel nMOS cause severe self-heating during the DC
measurements [2]. However, this is not expected to have a serious impact on
transistor performance for digital applications, since the thermal time con-
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FIGURE 7.77
TEM cross-section of a 25-nm physical gate length strained-Si MOS transis-

tor. After Q. Xiang et al., Proc. ISTDM, 2003.

stant for degradation (greater than 100 ns) is much larger than the typical
transistor on time [79]. At a high temperature, influences of self-heating and
Coulomb scattering decreased and greater improvement was achieved. De-
spite similar Lgate and temperature dependence, more Idlin improvement was
observed due to an increasing influence of mobility and decreasing self-heating
effects (Fig. 7.84). Consistently, greater improvement in ring oscillator speed
was observed for a low Vdd at a high temperature (see Fig. 7.85).

7.9 Summary

“First generation” global and local stress techniques are progressing rapidly.
In this chapter, strained-Si CMOS technology and MOSFET performance en-
hancement by using strained-Si have been discussed. In this chapter, we have
examined various MOSFET channel designs in the SiGe/Relaxed-SiGe/Si sys-
tem to explore the limits of electron and hole mobility in inversion layers. It is
observed that the main challenge in enhancing MOSFET performance beyond
conventional strained-Si lies in understanding structures that enhance hole
mobility at high inversion charge densities. Various stress used in leading-
edge advanced CMOS has been discussed in depth, along with simulation
examples. The emphasis for this work was to highlight the issues which the
industry needs to account for in developing the process and devices.
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FIGURE 7.78
25-nm strained-Si CMOS Ids-Vds characteristics. After Q. Xiang et al., Proc.
ISTDM, 2003.

FIGURE 7.79
25-nm strained-Si CMOS Ids-Vgs characteristics. After Q. Xiang et al., Proc.
ISTDM, 2003.
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FIGURE 7.80
Threshold voltage roll-off of strained-Si CMOS. After Q. Xiang et al., Proc.
ISTDM, 2003.

FIGURE 7.81
Sheet resistance and standard deviation of Ni and Co silicide for strained-Si

devices. After Q. Xiang et al., Proc. ISTDM, 2003.
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FIGURE 7.82
Effective mobilities of electrons (nMOS) and holes (pMOS) in strained-Si.

After Q. Xiang et al., Proc. ISTDM, 2003.

FIGURE 7.83
Percentage saturation drive current enhancement for strained-Si nMOS as

compared to unstrained-Si nMOS control. Data from K. Rim et al., VLSI
Tech. Dig., p. 98, 2002 is pulsed measurement to eliminate self-heating.
After Q. Xiang et al., Proc. ISTDM, 2003.
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FIGURE 7.84
Percentage linear drive current enhancement for strained-Si nMOS as com-

pared to unstrained-Si nMOS control. After Q. Xiang et al., Proc. ISTDM,
2003.

FIGURE 7.85
Improvement of ring oscillator of 35-nm strained-Si CMOS as compared to

unstrained-Si CMOS control. After Q. Xiang et al., Proc. ISTDM, 2003.
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Understanding the magnitude of the threshold voltage shift is important
when determining the performance gain of strained-Si. The experimental
data suggest large threshold voltage shifts occur for biaxial stress, and much
smaller shifts under uniaxial stress. Based on metrics for cost, process com-
plexity, magnitude of the performance gain, and scalability, strained-Si is the
clear choice for extending CMOS when simple scaling ended at the 90-nm
technology node. Probably, with limited redesign to take full advantage of
the transistor enhancements, product roadmaps can be extended even further
with strained-Si.
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8

Modeling and Simulation of Hetero-FETs

Performance improvements for each new silicon CMOS technology genera-
tion have been driven mainly by geometric scaling, which implied increas-
ing the channel doping concentration and vertical electrical field required to
control short-channel effects. However, these two aspects of geometric scal-
ing adversely affect carrier mobility due to impurity scattering and high-field
saturation. Over the past decade, Technology CAD (TCAD) has become
essential for developing and optimizing semiconductor process technologies
ranging from nanoscale microprocessors to large-scale high-voltage power de-
vices. TCAD is being increasingly used in manufacturing for advanced process
control and parametric yield improvement. TCAD can lower technology de-
velopment costs up to 40% by reducing the number of experimental lots and
shortening development time. This is significant, considering the rising costs
of product development and new wafer fabrication facilities. Process engi-
neers are now struggling to integrate new materials and device structures into
the process, often resulting in new physical effects such as process-induced
stress, statistical dopant fluctuations, spatial quantization, and nonequilib-
rium transport. While in the past many of these effects could have been
neglected, they are now primary considerations in developing a new process
technology. With its physical basis, TCAD is capable of capturing detailed
process effects, and calibrated TCAD flows can be used to generate compu-
tationally efficient process compact models (PCMs) that retain key process-
to-device correlations. Using PCMs, manufacturing engineers can analyze
process sensitivity, and identify key process steps to improve overall process
capability.

The latest CMOS technology nodes rely heavily on stress engineering. From
a general device performance perspective, stress impacts the carrier mobility
through changes in the band structure and it also modulates the relative oc-
cupancy of the various valleys, as well as the effective masses and scattering
rates. It is important to have accurate models that link the stress to the
mobility enhancements. Several commercial simulators now offer a range of
models that account for stress-induced changes to the carrier mobility. It in-
cludes a phenomenological model based on piezoresistivity and physics-based
models. The underlying physics of the stress-induced mobility changes for
holes is considerably more complicated than the physics for electrons and is
not well captured by the aforementioned models.

Simulations of ever-shorter gate-length MOSFETs create more challenges
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for using electronic transport models based on moments of the Boltzmann
transport equation. These models assume quasiequilibrium and have limited
ability to capture nonlocal effects. The full-band Monte Carlo method can
describe highly nonlinear quasiballistic carrier transport. Full-band struc-
tures allow for the correct treatment of transport away from the edges of the
energy bands and of high-energy effects such as impact ionization. In this
chapter, we shall present a simulation approach to model various strained-Si
MOSFETs on virtual substrates using available commercial simulator like,
Silvaco. Process-induced stress which has been used to improve MOSFET
performance will also be discussed. Using SENTAURUS, we discuss on a
model-based understanding of the stress in device architectures, demonstrat-
ing how stress modeling can be used to understand stress effects in advanced
CMOS strained-Si technologies.

8.1 Simulation of Hetero-FETs

It is well known that silicon-on-insulator devices provide benefits of reduced
parasitic capacitance allowing for high-speed operation while minimizing power
dissipation. Ultrathin body SOI devices have the added benefit of improved
electrostatic integrity, and thus can be scaled to the shortest channel lengths.
Enhancement of electron mobilities and hole mobilities on SOI are found to
be > 50% and 15-20%, respectively [1]. However, although theoretical studies
have predicted higher carrier mobility in ultrathin single-gate SOI samples
compared to standard Si devices, this mobility increase (estimated in the best
case at 10%) is obtained only for very low silicon layer thicknesses (<5 nm)
and for a high inversion charge concentration. In other cases, i.e., a greater
silicon thicknesses, a mobility degradation is experimentally observed [2].

One may wonder whether it would be possible to combine the two structures
(strained-Si inversion layer and SOI inversion layers) to enjoy the advantages
of each and at the same time, overcome the deficiencies they present sepa-
rately. The advanced SOI MOSFETs with strained-Si channel on SiGe-on-
insulator substrate (SSGOI MOSFETs) have been fabricated by combining
the SIMOX (separation-by-implanted-oxygen) technology with regrowth of
strained-Si films [3]. It is demonstrated that strained-SOI n- and p-channel
MOSFETs have mobilities 1.6 and 1.3 times higher than conventional Si MOS-
FETs, respectively. Si/SiGe-on-insulator structures provide a good control of
short-channel effects, have a lower parasitic capacitance and higher radiation
tolerance and, moreover, present mobility values that are much higher than
those found in conventional SOI MOSFETs. However, an accurate knowledge
of high- and low-field transport in strained-Si for evaluating its true potential
for submicron CMOS devices under the impact of nonequilibrium transport is
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still lacking. In the following, simulation results of a comprehensive study on
the transport properties of carriers in advanced SOI MOSFETs with strained-
Si channel on SiGe-on-insulator substrate at low- and high-electric fields using
a 2D device simulator (Silvaco-ATLAS) are presented.

8.2 Strained-Si Material Parameters for Modeling

Scaling of Si CMOS transistors to sub-50 nm gate length requires increased
channel doping to control short-channel effects. Experimental measurements
and theoretical predictions show degraded electron mobility due to high chan-
nel doping and is attributed to increased Coulomb interactions [4, 5]. The
reduction in electron mobility caused by Coulomb scattering is so important
that it is becoming one of the main limiting factors that have to be dealt with
in order to continue the device downscaling.

At low fields, carrier mobility is dominated by Coulomb scattering, which is
more effectively screened out at higher fields and thus, higher carrier densities
in the inversion layer. Gamiz et al. [6] have shown that the contribution of
the reduction of intervalley scattering is not as important as the contribution
of the reduction of conductivity effective mass in the low longitudinal electric
field transport regime, rather the reduction of the conduction effective mass is
the main factor responsible for low-field mobility improvement in strained-Si.
At moderate fields, the carrier mobility is determined by phonon scattering.
Phonon scattering depends on Eeff

−0.3 for electrons, and has a slightly higher
dependence for holes. Finally, in the high-field regime, surface roughness scat-
tering dominates carrier mobility, with a dependence of Eeff

−2 for electrons
and Eeff

−1 for holes.
Both theoretical and experimental studies have shown electron mobility

and hole mobility enhancements when silicon is grown pseudomorphically on
relaxed-Si1−xGex [?]. In the conduction band (Fig. 8.1(a)), tensile strain
splits the six-fold degeneracy, and lowers the two-fold degenerate perpendicu-
lar Δ-valleys with respect to the four-fold in-plane Δ-valleys in energy space.
Two lowered valleys with the longitudinal effective mass axis perpendicular
to the interface, and four raised valleys with the longitudinal mass axis par-
allel to the interface (see Fig. 8.1(a)) give rise to an enhancement in electron
mobility in strained-silicon channel.

Such energy splitting suppresses intervalley carrier scattering between the
two-fold and four-fold degenerate valleys, and causes preferential occupation
of the two-fold valleys where the in-plane conduction mass is lower. Similarly,
the effect of tensile strain on the valence band is shown in Fig. 8.1(b). The
degeneracy between the heavy hole (HH) and light hole (LH) bands lifted,
and valence band maximum is higher energy as compared to the unstrained
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FIGURE 8.1
Schematic diagram of tensile strain-induced conduction and valence band

splitting of strained-Si on Si1−xGex substrate. After S. K. Samanta, Ultrathin
Oxide and Oxynitride Gate Dielectric Films for Silicon Hetero-FETs, Ph.D.
Thesis, IIT Kharagpur, 2003.

case. Band structure calculations using k.p method show that degeneracy is
lifted at k = 0 and the curvature of the valence band increases, thus decreas-
ing the effective mass near the Γ. The combination of a lower effective mass
and reduced intervalley scattering gives rise to higher electron/hole mobility.
Moreover, the lower intervalley scattering rates make energy-relaxation times
higher, originating spectacular electron velocity overshoot [8]. Therefore, sev-
eral material parameters for strained-Si and strained/relaxed-SiGe are needed
for the device modeling viz., the band offsets encountered in strained layers,
bandgap narrowing due to strain, doping-induced bandgap narrowing and the
carrier mobility. Silicon strained in biaxial tension results in a type-II band
offset and this allows tailoring of the band structure to confine both holes and
electrons. Under biaxial strain, the strained-Si bandgap is reduced as follows
[9]:

Eg(x) = 1.1− 0.4x (8.1)

where x is the Ge content in the top part of a completely relaxed-SiGe buffer.
To obtain accurate results for p-MOSFET simulations using DD model,

it is necessary to account for effects associated with inversion layers. This
is done by modeling mobility as having a dependence on the transverse and
longitudinal fields. The reduction of channel mobility at high longitudinal-
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electric fields has been taken into account via Eqn. 8.2.

μ(E‖) =
μ0

[
1 +

(
μ0×E‖

vsat

)β]1/β
(8.2)

where μ0 being the low-field mobility, E‖ the longitudinal-electric field
(along the channel), and E⊥ the transverse-electric field (perpendicular to
the silicon-SiO2 interface). Note vsat and β are fitting parameters, where
vsat is the saturation velocity of the electrons in the channel. It has been
shown that the value of vsat = 1.1×107 cm/s (T = 300 K) is the same regard-
less of the germanium mole fraction of the relaxed-SiGe alloy underneath the
strained-Si layer.

To take into account the enhanced mobility in strained-Si with increasing
strain (i.e., with Ge mole fraction, x, in the substrate) and the effects asso-
ciated with inversion layers, the modified transverse field dependence CVT
mobility model was taken in the simulation. The CVT model [10] is modified
using an analytical expression involving Ge content, x as follows

μstrained−Si(E⊥, T, NA, x) = μCV T (E⊥, T, NA)(1 + 4.31x− 2.28x2) (8.3)

The carrier mobility is approximated by the sum of three following terms,

1
μCV T (E⊥, T, NA)

=
1

μac
+

1
μb

+
1

μsr
(8.4)

where μac is the carrier mobility limited by scattering with surface acoustics
phonons, μb is the carrier mobility in bulk silicon, and μsr is the carrier
mobility limited by surface roughness scattering.

In the two-dimensional deformation potential theory of surface phonon scat-
tering and for a nondegenerate surface, the electron mobility is given by:

μac =
q�

3ρu2
l

m∗mμZ2
AkBT

(8.5)

where q is the elementary charge, � is the Dirac constant, ul is the sound
velocity, m∗ and mμ are the effective mass and the mobility mass, respectively,
ZA is the deformation potential, kB is the Boltzmann’s constant, and T is
the absolute temperature. The carrier mobility limited by surface roughness
scattering is given by:

μsr(E⊥, T ) =
(

B
T

E⊥
+ C

1

E
1/3
⊥

)
1
T

(8.6)

where Binit = 3.1×108 cm/s and Cinit = 3.0×107 (V/cm)−2/3·K·cm/s.
The carrier mobility in bulk silicon is given by:
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μb(NA, T ) =
[
μo +

μmax

(
T

300

)−γ

− μo

1 + (NA/Cr)α
− μ1

1 + (Cs/NA)β

]
(8.7)

where μmax are the expected maximum mobility values and NA is the local
acceptor concentration. γinit = 2.42 is an initial estimate for γ. If the trap
density at the interfaces with the SiO2 is kept low, Coulomb scattering is very
weak, and its effects could be ignored. Therefore, only phonon scattering and
surface-roughness scattering are taken into account the simulation. In addi-
tion, we have also ignored alloy scattering. Electrons/holes are also scattered
by the random nature of the SiGe alloy. This is a fundamental limitation that
cannot be removed (unless the alloy can be grown in an ordered form), but it
is expected to have a weak effect in Si/SiGe system because only the tail of
the electron distribution penetrates the SiGe layer [11].

8.3 Simulation of Strained-Si n-MOSFETs

Use of strained-Si in the channel of a MOSFET has emerged as one of the most
promising approaches to enhance CMOS technology because of the improved
transport properties and the compatibility with silicon technology [12, 13].
The strain dependence of electron inversion layer mobility has been measured
in n-MOSFETs fabricated on a strained-Si/relaxed-Si1−xGex heterostructure
[14, 15]. For a Ge content of 20% in the underlying relaxed-Si1−xGex, the
electron mobility the strained-Si is enhanced by roughly 75%. A hole mobil-
ity enhancement of similar magnitude has been reported for surface-channel
strained-Si p-MOSFETs [16, 17]. These surface channel strained-Si n- and
p-MOSFETs are identical to conventional Si MOSFETs in their operation
principle, and are expected to retain all the advantages of surface-channel
devices, including excellent current drive/turn-off characteristics, and scaling
behavior.

n-MOSFETs fabricated using strained-Si deposited directly on insulator
(SSDOI) are one of the most promising strained-Si device structures [18, 19]
because they combine the advantages of both the strained-Si and SOI technol-
ogy, avoid the problems of misfit dislocations associated with SiGe substrates,
and do not require high channel doping for threshold voltage adjustment. In
the following, the capability of the Monte Carlo device simulator SPARTA
[20, 21, 22] to simulate devices under biaxial tensile strain is discussed. In
addition, the use of parameter files for strained-Si, which contains transport
parameters as a function of strain, is also illustrated. The device considered
here is an advanced 25-nm strained-Si device fabricated directly on insulator
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FIGURE 8.2
Schematic diagram of a MOSFET on pseudomorphic strained-Si grown on

fully relaxed-SiGe buffer layer. After S. K. Samanta, Ultrathin Oxide and
Oxynitride Gate Dielectric Films for Silicon Hetero-FETs, Ph.D. Thesis, IIT
Kharagpur, 2003.

(SSDOI) n-MOSFET, which corresponds approximately to a scaled version of
the realization of the SSDOI MOSFETs [18].

In simulation, Silvaco tools were used for process-to-device simulation. The
process steps used in simulation were taken from the device fabrication steps
reported in reference [23]. The strained-Si devices were fabricated using
strained-Si epitaxial layers grown on relaxed-Si0.8Ge0.2 by gas source MBE
at 800oC. Fig. 8.2 shows the schematic cross-section of the strained-Si n-
MOSFETs device structure. After epitaxial growth, MOSFETs were fabri-
cated using a standard, self-aligned process. The channel was formed by boron
implantation at 20 keV with a dose of 4×1012/cm2. An n+-poly-gate process
has been used to fabricate the devices, since it allows higher hole density in
channel and increases the cross-over voltage [24] compared to conventional
p+-poly-gate devices. Gate spacer formation, source and drain (S/D) im-
plantation, and a Ti salicide process were followed by metallization. The
n+ S/D regions were formed by As implantation at 30 keV with a dose of
3×1015/cm2. Strained-Si n-MOSFETs devices were fabricated with channel
length (L) varying from 0.8 to 10 μm for channel width (W) from 5-100 μm.

Fig. 8.3 shows the output characteristics for a strained-Si n-MOSFETs
device with x = 0.2, L = 10 μm, and W = 20 μm. The curves exhibit well-
behaved long-channel MOSFET characteristics. There is very little output
conductance, and the saturated drain current is increasing quadratically with
the gate voltage, as expected for a long-channel MOSFET. The subthreshold
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FIGURE 8.3
Output characteristics for n-MOSFETs with strained-Si on thick relaxed-

Si0.8Ge0.2 buffer layer (W×L = 20 μm×10 μm). After S. K. Samanta, Ul-
trathin Oxide and Oxynitride Gate Dielectric Films for Silicon Hetero-FETs,
Ph.D. Thesis, IIT Kharagpur, 2003.

characteristics of strained-Si n-MOSFETs devices with x = 0.2, L = 10 μm,
and W = 20 μm is shown in Fig. 8.4 for four drain voltages, 0.1 V, 0.2 V,
1.5 V, and 2.5 V. The strained-Si MOSFETs show the normal subthreshold
characteristics at the linear region. However, some amount of drain leakage
currents is observed, and increases with the drain bias.

At lower gate voltage, the leakage current at the drain-source junctions of
the strained-Si n-MOSFETs dominates the total drain current. The punch
through effect is also observed at high drain bias, because of thicker strained-
Si/SiGe layers. The thick SiGe buried layer, strained-Si channel and the Si
setback layer can cause more source/drain punchthrough, and can contribute
to a higher leakage current. This high leakage current is partly due to the
high intrinsic carrier concentration of the SiGe layer. In addition, thermally
induced degradation of the SiGe buried layer during device processing gives
rise to threading dislocations which can enhance the leakage current. The
subthreshold swing are 115 mV/decade for the strained-Si p-MOSFETs.

Fig. 8.5 shows the linear and saturation transconductances of the strained-
Si n-MOSFETs as a function of gate voltage. For a given drain voltage the
maximum transconductance gmsat occurs at Vds = VDsat≡Vgs-Vt, the onset
of saturation, and is proportional to VDsat. The decrease in gm for higher
gate voltages is largely due to source/drain resistance. The measured peak
transconductance values are 7.5 and 70.0 mS/mm, at Vds = 0.1 V and 2.5 V,
respectively.
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FIGURE 8.4
Subthreshold characteristics of strained-Si n-MOSFETs, where the drain bias
are 0.1 V, 0.2 V, 1.5 V, and 2.5 V (W×L = 20 μm×10 μm.) After S. K.
Samanta, Ultrathin Oxide and Oxynitride Gate Dielectric Films for Silicon
Hetero-FETs, Ph.D. Thesis, IIT Kharagpur, 2003.

FIGURE 8.5
Linear and saturation transconductance of a W/L = 20 μm/10 μm strained-
Si n-MOSFETs. After S. K. Samanta, Ultrathin Oxide and Oxynitride Gate
Dielectric Films for Silicon Hetero-FETs, Ph.D. Thesis, IIT Kharagpur, 2003.
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FIGURE 8.6
MOS transistor with source-and-drain resistance. After S. K. Samanta, Ul-

trathin Oxide and Oxynitride Gate Dielectric Films for Silicon Hetero-FETs,
Ph.D. Thesis, IIT Kharagpur, 2003.

Source-drain junction regions of MOSFETs act as parasitic resistances lim-
iting the performance of a device. In state-of-the-art IC technologies the par-
asitic source/drain series resistance (RSD) of MOSFETs account for about
30% of reduction of the current drive capability (saturation current, Vgs =
Vsupply and Vds = 0.1 V). For the linear current (i.e., the drain current for
Vgs = Vsupply and Vds = 0.1V) the reduction due to RSD can be as high
as 50% [25]. It is therefore important to study the source-drain resistances
to get an accurate knowledge of the intrinsic performance of the silicon alloy
devices.

Fig. 8.6 shows an MOS transistor with source-and-drain resistance Rt =
Rs + Rd, where, Rs is the source resistance and Rd is the drain resistance.
Effective drain and gate voltages, V

′
ds and V

′
gs, respectively, are reduced below

the voltages, Vds and Vgs (applied at the external terminal of the device) due
to the voltage drop across the parasitic resistors.

V
′
gs = Vgs − IdsRs (8.8)

V
′
ds = Vds − IdsRt (8.9)

For a small Vds, the drain current is represented in terms of the transcon-
ductance factor β as [26]:

Ids = β(V
′

gs − Vt)V
′

ds (8.10)

where

β =
β0

1 + U0(V
′
gs − Vt)

(8.11)
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FIGURE 8.7
Variation of E vs. Vds-Vt for strained-Si n-MOSFETs with gate lengths

of 0.8, 2.0, 5, and 10 μm at room temperature (when (a) no external and
(b) 50 Ω external resistors were added in series with source). After S. K.
Samanta, Ultrathin Oxide and Oxynitride Gate Dielectric Films for Silicon
Hetero-FETs, Ph.D. Thesis, IIT Kharagpur, 2003.

FIGURE 8.8
Slope ΔE/ΔVgs vs. 1/β0 for transistors with no external resistance and

with 50 Ω added. After S. K. Samanta, Ultrathin Oxide and Oxynitride Gate
Dielectric Films for Silicon Hetero-FETs, Ph.D. Thesis, IIT Kharagpur, 2003.
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FIGURE 8.9
Split C-V for a large-area strained-Si n-MOSFETs. After S. K. Samanta, Ul-
trathin Oxide and Oxynitride Gate Dielectric Films for Silicon Hetero-FETs,
Ph.D. Thesis, IIT Kharagpur, 2003.

FIGURE 8.10
Effective mobility μeff as a function of vertical effective field Eeff . After S.

K. Samanta, Ultrathin Oxide and Oxynitride Gate Dielectric Films for Silicon
Hetero-FETs, Ph.D. Thesis, IIT Kharagpur, 2003.
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β0 =
μoCoxW

L
(8.12)

Here, β0 is the intrinsic transconductance, U0 is the mobility degradation
factor, μ0 is the low-field mobility, and Cox is the gate oxide capacitance per
unit area. The threshold voltage (Vt) is commonly extracted by the usual
method of extrapolating the linear portion of the plot of Ids-Vgs or Ids/

√
gm

vs. Vgs at Vds = 0.1 V. Substituting the above relationships into Eqn. (8.10),
we obtain a second-order equation in Ids with Vgs and Vds as coefficients:

I2
dsRs(U0 + β0Rt) − Ids[(U0 + β0Rt)(Vgs − Vt) + 1 + β0VdsRs]

+β0Vds(Vgs − Vt) = 0 (8.13)

Assuming RsVds � Rt(Vgs-Vt), and further simplifying Eqn. (8.13), it
becomes [26]:

Ids =
β0(Vgs − Vt)

1 + (U0 + β0Rt)(Vgs − Vt)
Vds (8.14)

Then, Eqn. (8.14) can be written as:

E =
(Vgs − Vt)Vds

Ids
=

1 + (U0 + β0Rt)(Vgs − Vt)
β0

(8.15)

Expression E, at Vds = 0.1 V, is plotted as a function of Vgs-Vt for strained-
Si n-MOSFETs devices in Fig. 8.7(a). It is noted that E varies linearly with
Vgs-Vt, as noted from Eqn. 8.15. Eqn. 8.15 based on the above assumption is
not valid for Vds-Vt, which is clear from the nonlinear behavior of the curves
near Vds-Vt = 0. The intersections of the extrapolated straight lines with
vertical axis (E) gives the value of 1/β0.

The slope E can then be written as:

dE

dVgs
=

A

β0
= Rt +

U0

β0
(8.16)

The slope of the curve (dE/dVgs) from Fig. 8.7(a) is plotted with 1/β0 for
the devices in Fig. 8.8. The slope of the resulting straight line yields a mobility
degradation factor U0 = 0.4 V−1 and the intercept yields a source-and-drain
resistance Rt = 42 Ω.

Adding 50 Ω external resistance in series with the source of each transis-
tor, E, at Vds = 0.1 V, is plotted as a function of Vgs-Vt for strained-Si
n-MOSFETs devices in Fig. 8.7(b). Similarly, the value of dE/dVgs as func-
tion of 1/β0 for the devices is plotted in Fig. 8.8. As seen in Fig. 8.8, the
intersection of the line with vertical axis is at Rt = 90 Ω, close enough to the
expected 92 Ω. The value of U0 is unchanged. The higher Uo values devices
is due to higher surface roughness strained-Si [17]. However, the roughness of
the strained-Si depends on the quality of the SiGe buffer and the Ge concen-
tration.
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The split C-V characteristics of a long channel (W×L = 100×10 μm2)
strained-Si device are shown in Fig. 8.9. The small plateau observed in
the gate-to-substrate capacitance (CGB) curve is caused by the valence band
discontinuity at the strained-Si/relaxed-Si1−xGex interface, which signifies
hole confinement in a well formed by the potential barrier. The gate oxide
thickness tox determined from the maximum inversion capacitance was 45 Å
for strained-Si devices.

The effective mobility μeff is derived from DC drain conductance measure-
ments as reported by Sun and Plummer [27] using the relation:

μeff =
L

W

Gd

Qinv
(8.17)

where gd is the drain conductance measured on large devices. Low Vds

(typically 10 mV) is used to minimize the effect of lateral field and nonuniform
vertical field and carrier concentration along the channel. The effective field
was obtained by

Eeff =
1
εs

(Qb + ηQinv) (8.18)

where η = 1/2 for electrons and 1/3 for hole mobility [27]. The inversion
charge Qinv was found by integrating the CGC curve, measured by split C-V,
using the following relation:

Qinv =
∫ Vgs

−∞
CGCdVgs (8.19)

where Qb is the integrated maximum depletion charge.
Fig. 8.10 shows the comparison of effective mobility. The universal mobility

curve for state-of-the-art Si n-MOSFETs [28] is shown in the figure (dotted
line). The mobility data measured lightly doped (2×1016 cm−3) strained-Si
devices [14] and highly doped (∼ ×1018 cm−3) [29] are also shown for compar-
ison. Through the vertical Eeff range, the measured mobility of the strained-
Si device exhibits a significant enhancement over that of epi Si-control wafer
and the state-of-the art MOSFET’s universal mobility. At 1 MV/cm, the
strained-Si devices exhibit a 44% higher mobility than the universal mobility
and the unstrained-Si control device. The effective mobility of the strained
device exhibits an enhancement of roughly 80% over that of the control device
at 0.6 MV/cm effective field.

The electron μeff enhancement observed at low lateral Eeff for lightly
doped devices appears to be sustained at higher Eeff of > 0.5 MV/cm. This
is consistent with the theoretical calculations which predicted enhancement
of phonon-limited mobility in strained-Si even at high vertical field [28]. The
enhancement factor of roughly 80% is also in a good agreement with the
theoretical predictions of phonon-limited mobility [28]. The conduction band
splitting between the two-fold and four-fold degenerate valleys reduces the
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number of available final states for f-optical phonon scattering, suppressing
the overall intervalley scattering. However, suppressed occupation of four-fold
degenerate valleys, which have stronger interaction with intervalley phonons,
contributes to the mobility enhancement.

8.4 Characterization of Strained-Si Hetero-FETs

The self-heating effect (SHE) characterization of MOSFETs and the accurate
extraction of the equivalent thermal impedance of the device (thermal resis-
tance, RTH and capacitance, CTH) are needed for advanced device and IC
simulation. There is a lack of simple yet efficient extraction procedures for
the evaluation of thermal parasitic components needed for advanced MOS-
FET simulation. One of the key phenomenon related to the operation of
strained-Si MOSFETs are self-heating effect which is directly dependent on
the power dissipated by the device. SHE results in a reduction of the drain
current and the well-known negative output conductance effect. SHE charac-
terization and its modeling originate from the SOI MOS devices where this
effect is particularly critical [30, 31].

As SiGe has a lower thermal conductivity than Si [32], this causes heat
to accumulate in heterostructure devices involving SiGe [33]. As the biaxi-
ally strained-Si devices are fabricated on SiGe virtual substrates, device self-
heating occurs in the channel region of strained-Si/SiGe MOSFETs [34]. It has
been reported by several workers that the self-heating lowers the performance
of the devices in terms of fall in the drain current due to the accumulation of
heat in the channel region [35].

Although much work on self-heating effects in SOI devices has been reported
in the literature, so far very little information is available for strained-Si/SiGe
MOSFETs. It is important to model the drain current for the strained-Si/SiGe
device including the effects of self-heating. In the following, some aspects of
analytical model development for strained-Si/SiGe MOSFETs including self-
heating is discussed. In the following, we discuss the impact of self-heating
effect (SHE) pulsed-measurement parameters (pulse width and duty factor)
and propose an extraction method for the thermal parasitic network of the
strained-Si devices.

Various pulsed measurements aimed to MOSFET characteristics without
SHE have been reported. In general, such measurement setup requires a
dedicated and/or expensive configuration since they cannot be achieved with
semiconductor parameter analyzers where integration time exceeds 80 μs and
much faster pulses are required to avoid SHE. It has been demonstrated that
SHE is canceled by using pulses with duration less that 2 μs and duty factor
lower that 1:100. The pulse-extraction method of device thermal resistance
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and capacitance exploits analytical modeling and dedicated extraction plots
using the measurements of output characteristics at various applied pulses and
the gradual reduction of SHE with pulse duration and duty factor. Both RTH
and CTH are assumed and extracted in saturation region as quasi-independent
functions of the device bias at a given external temperature. A pulse generator
is used to turn on and off the transistor by applying a square wave signal on
the gate. The drain is biased through a fixed resistance by a high-voltage
generator. A digital oscilloscope that triggers the signal applied on the gate
is used for monitoring the voltage variations on the high-voltage generator
and the drain of the transistor. A supply line capacitance is commonly used
to reduce the peaks and stabilize at constant level the Vdd voltage when
transitions occur.

Jankovic et al. [36] have modeled the self-heating effect in strained-Si MOS-
FETs. The bulk-Si NQS MOS device model was successfully modified and
implemented for modeling. The simulated and the measured transfer and out-
put characteristics of otherwise identical SS n-MOSFETs on 15% Ge virtual
substrate and bulk-Si device with different effective channel lengths are shown
in Fig. 8.11. The excellent agreement is obtained with using a unified set of
NQS MOS model parameters for modeling each of the experimental devices.
From Fig. 8.11(b), it is seen that the negative output conductance is high
visual in short-channel n-MOSFETs, whereas the same is not observed in the
control-Si transistors.

8.5 TCAD: Strain-engineered Hetero-FETs

Strain engineering has become a key component of emerging technologies,
however, due to the great complexity and cost in IC fabrication, it is diffi-
cult to physically develop new processes. Technology Computer Aided Design
(TCAD) tools are invaluable for shortening new technology development and
for optimizing existing processes [37]. Stress engineering has become the ma-
jor approach besides conventional scaling to increase CMOS performance. Al-
ready at the 90-nm node, stress engineering has become indispensable to meet
the performance targets of the International Technology Roadmap for Semi-
conductors (ITRS). The 2005 International Technology Roadmap for Semi-
conductors [38] states that the use of TCAD will provide as much as a 40%
reduction in technology development costs. In this highly competitive envi-
ronment, predictive power of TCAD to reduce cost and time in product de-
velopment is highly useful. The knowledge gained through TCAD simulation
can be used to optimize processes and to identify potential yield problems
that need to be addressed in the design before volume production. TCAD
is being used more and more efficiently to explore new device architectures
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FIGURE 8.11
Comparisons of measured and modeled output characteristics of bulk-Si and
SS MOSFETs with (a) Leff = 9.9 μm and (b) Leff = 0.1 μm. After N. D.
Jankovic et al., Solid-State Electron., Vol. 50, 2006(496-499). With permis-
sion.
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FIGURE 8.12
Simulation and experiment as alternative routes in development of new tech-
nologies. Route B would eventually involve a run through Route A, but helps
in considerably lowering the time and expense of Route A. After S. Chaudhry,
Analysis and Modeling of Stress Related Effects in Scaled Silicon Technology,
Ph.D. Thesis, University of Florida, 1996.

and optimize process flows in manufacturing for advanced process control and
parametric yield improvement.

In this section, we shall present a simulation approach to model front-end
process-induced stress which has been used to improve device performance.
The main sources of stress in advanced Si CMOS technologies and how they
can be used to improve device performance are discussed in detail. We discuss
a model-based understanding of the stress in device architectures, demonstrat-
ing how stress modeling can be used to understand stress effects in advanced
CMOS strained-Si technologies.

Fig. 8.13 schematically illustrates the various software aids for IC technol-
ogy development. Process simulation deals with all aspects of IC fabrication.
With the proper input parameters (process recipes, layout geometries), pro-
cess simulation determines the details of the resulting device structure, such
as the boundaries of different materials and the distribution of impurity ions.
The application of TCAD tools in the development of new processes and
novel device structures involving strain-engineering has become challenging,
an alternative to the experimental route (see path B in Fig. 8.12).

With scaled feature dimensions in the nanometer range, parametric vari-
ations become a dominant yield loss component. The transition to 90-nm
technology proved to be extremely challenging, and it is expected to worsen
at 65 nm and 45 nm. Calibrated TCAD flows can be used to generate compu-
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FIGURE 8.13
Process simulation as part of the general simulation methodology. After S.

Chaudhry, Analysis and Modeling of Stress Related Effects in Scaled Silicon
Technology, Ph.D. Thesis, University of Florida, 1996.

tationally efficient process compact models (PCMs) that retain key process-
to-device correlations. Using PCMs, manufacturing engineers can analyze
process sensitivity and identify key process steps to improve overall process
capability.

Rapid advances in process technologies have created the need to under-
stand new physical phenomena in order to optimize process structures and
enhance device performance. For example, stress simulations have become in-
dispensable in studying the effects of adding stress in the channel to enhance
drive current. Three-dimensional simulation is needed to comprehend fully
the impact of new physical phenomena on device performance.

Stress engineering poses significant new challenges for device simulation
since important intrinsic material parameters such as mobility, bandgap, or
quantization phenomena are changed under strain. At the same time, scaling
enhances the influence of quasiballistic transport in the on-state, which is not
captured by classical device simulation, but requires Monte Carlo simulation.
As discussed in Chapter 4, from a device performance perspective, stress im-
pacts the carrier mobility through changes in the band structure, and it also
modulates the relative occupancy of the various valleys, as well as the effective
masses and scattering rates. It is important to have accurate models that link
the stress to the mobility enhancements. Sentaurus Device offers a range of
models that account for stress-induced changes to the carrier mobility. It in-
cludes a phenomenological model based on piezoresistivity and physics-based
models [37]. The underlying physics of the stress-induced mobility changes



404 Strained-Si Heterostructure Field Effect Devices

for holes is considerably more complicated than the physics for electrons and
is not well captured by the aforementioned models. In heterostructure devices
and modern deep-submicron CMOS devices, the tunneling of carriers through
barriers must be modeled accurately to obtain reliable predictions of device
performance. The direct tunneling model is fully quantum-mechanical and
can be applied to problems with simple barriers, such as gate leakage through
a single-layer oxide. The most advanced tunneling model in Sentaurus Device
can handle arbitrary barriers and is suitable for the simulation of gate leakage
through multilayered gate dielectric stacks or tunneling through the barrier
of a Schottky contact.

Simulations of ever-shorter gate-length MOSFETs create more challenges
for using electronic transport models based on moments of the Boltzmann
transport equation. These models assume quasiequilibrium and have limited
ability to capture nonlocal effects. The full-band Monte Carlo method can
describe highly nonlinear quasiballistic carrier transport. Full-band structures
allow for the correct treatment of transport away from the edges of the energy
bands and of high-energy effects such as impact ionization. The ensemble
approach allows users to model transient and steady-state behavior and assess
the deleterious effects of plasmons on saturation currents below 40 nm [5].

In a MOSFET, surface roughness scattering occurs in addition to phonon
and impurity scattering. In SPARTA [39], this mechanism is modeled by a
combination of specular and diffusive scattering where the percentage of diffu-
sive scattering is 15%. Scattering is determined by the conservation of energy
and parallel wave vector. The effect of strain enters through the modified
band structure that affects the selection of the after-scattering wave vector
when considering the above conservation laws. Fig. 8.14 shows the SPARTA
results for the strain-induced improvement of the long-channel effective elec-
tron and hole mobility as a function of the effective field for several substrate
germanium contents in comparison with measurements of MIT. The effective
mobilities were extracted in the linear current regime of a 0.5 μm MOSFET
from the Monte Carlo drain current similar to the procedure used in the mea-
surement evaluation.

In the following, we present a methodology addressing these issues based
on TCAD developments reported by W. Fichtner of SYNOPSYS [40]. Stress
simulation for mobility enhancement involves the following:

• Simulation of fabrication process
Device structure generation via etching and deposition steps

• Modeling stress generation and evolution
Unintentional stress

Intrinsic, thermal mismatch, expansion and shrinkage, relaxation
Intentional stress

SiGe lattice mismatch, cap layer intrinsic
• Modeling dopant diffusion under stress
• Modeling of device characteristics

Simulated structure with dopant profiles and stress distributions
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FIGURE 8.14
Enhancement of electron (top) and hole (bottom) long-channel effective mo-
bility by biaxial tensile strain caused by growing a thin silicon film on a
relaxed-Si1−xGex substrate. Comparison is made between measurements by
MIT and results of the Monte Carlo device simulator SPARTA. Source: TCAD
News, Synopsys, August 2005 issue.
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TABLE 8.1

Impact of stress on mobility computed using piezoresistive model.
Source: W. Fichtner, 2005 SiNANO Lecture Materials.

Stress component Tensile Tensile Compressive Compressive
nMOS pMOS nMOS pMOS

1 GPa along channel (x) +30% -70% -30% +70%
1 GPa along channel (Z) +20% +70% -20% -70%

1 GPa Vertical (Y) -50% +1% +50% -1%

Calibrated device model parameters
Validation, prediction and feedback for process optimization

Carrier mobility may be enhanced through process-induced channel stress
engineering in the three following ways:

• Stress transfer depends on distance, geometry, process, and material
• Channel stress can be induced by multiple sources in a transistor
• Process stress simulator is a very effective tool for mobility engineering
While considering simulation of stress/strain effect in hetero-FETs, one

needs to consider the following:
• Stress simulation for mobility engineering

Mechanical stress states
Stress impact on mobility
Stress-mobility model validation

• Stress assisted mobility engineering applications
Vertical stress engineering with cap layer

• Cap layer thickness
• Cap layer lamination
• Layout variation
• Spacer effect
• Recess effect

Lateral stress engineering with SID elevation
Packaging stress impact

Stress simulation involves several factors as listed below:
• Stress tensor σij has 6 components

Three normal components σxx, σyy, and σzz

Three shear components σxy, σxz, and σyz

• Normal stress states in channel center
Uniaxial stress state

One normal component dominant
Biaxial stress state

Two normal components dominant
Triaxial stress state

Three normal components dominant
• Sign conventions

Positive for tensile, negative for compressive
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FIGURE 8.15
Compressive lateral stress in 20-nm pMOS with elevated SiGe S/D, and

compressive spacer and cap layer. Stress is only shown in silicon. Source:
TCAD News, Synopsys, August 2005.

TCAD stress engineering for nMOS and pMOS steps are summarized below:
• nMOS:

Most desirable channel stress
Compressive stress in the vertical direction

Most effective stress source
Tensile stretched cap layer

• pMOS:
Most desirable channel stress

Compressive stress along the current direction
Most effective stress source

Compressed SiGe lattice in S/D
The most beneficial stress components are different for nMOS and pMOS

transistors. The nMOS benefits most from compressive vertical stress and
also somewhat from tensile stress in the lateral direction, whereas the pMOS
benefits most from the compressive stress in the direction along the channel.
Tensile cap layer simultaneously introduces compressive vertical and tensile
lateral stresses that enhance electron mobility. The rigid polysilicon gate
readily transfers stress from the cap layer into the channel, while the softer
metal gate transfers only half of the stress into the channel. The absence of
the rigid nitride spacers helps to improve stress transfer efficiency through
the poly-gate. The relatively soft metal gate adsorbs all stress and transfers
nothing into the channel.

For a 20-nm p-MOSFET, it is possible to create lateral compressive stress
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FIGURE 8.16
Compressive vertical stress in 20-nm nMOS with recessed SiC S/D, tensile

silicide, tensile spacer, and tensile cap layer. Stress is only shown in silicon.
Source: TCAD News, Synopsys, August 2005.

along the channel well above 1 GPa by using a combination of SiGe source
and drain, elevated S/D, and compressive cap layer, as shown in Fig. 8.15.
For this particular case, the low-field hole mobility increases by 91%, leading
to Ion enhancement of about 45%. Elevation of the SiGe S/D is instrumental
in increasing the useful lateral compressive stress generated by the Si/SiGe
lattice mismatch and simultaneously suppressing the harmful lateral stress
generated by the tensile silicide.

Fig. 8.16 illustrates that for a 20-nm n-MOSFET, it is possible to create
vertical compressive stress in the channel of over 600 MPa, plus about 400
MPa tensile stress along the channel by combining tensile cap layer, SiC S/D,
recessed S/D, and tensile silicide. For this particular case, the low-field elec-
tron mobility increases by 44%, leading to Ion enhancement of about 22%.
Recessed S/D helps to increase the useful vertical compressive stress induced
by the tensile cap layer, but simultaneously it reduces useful lateral tensile
stress generated by the combination of SiC S/D and tensile silicide. Having a
flat S/D would improve the lateral stress at the expense of the vertical stress
component. Trade-offs like this are typical in stress engineering and require
analysis of specific device geometry with specific stress sources to optimize
the device performance.
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8.6 SPICE Parameter Extraction

Hot-carrier degradation due to self-heating of strained-Si MOSFETs is an
important reliability issue in deep submicron technology. Scaling and high-
performance advantages make the device channel length shrink continuously.
It is known that with the operating voltage downscaling, devices will be in
the stressed condition. It has been reported that short-channel n-MOSFETs
incorporating thin strained-Si (on relaxed-SiGe) surface channels can achieve
significant drive current enhancement. Thus, strained-Si structures are promis-
ing candidates for enhancement of CMOS performance. However, so far little
research has been done on strained-Si SPICE parameter extraction and reli-
ability issues.

Currently, strained-Si research is mainly focused on device fabrication and
technology development. However, as with all CMOS generations, there will
eventually be strong interest in circuit applications. At this time, little is
known about the SPICE parameter of strained-Si MOSFETs. Circuit simula-
tion has become more and more important for the development of integrated
circuits. SPICE modeling of MOSFETs is an essential aspect of circuit sim-
ulation. Usually, the circuit designer starts the design by using the SPICE
parameters for a device. Threshold voltage, inversion layer carrier mobility,
source and drain series resistance, together with device dimensions, form the
major parameters of the SPICE-based submicrometer MOSFET circuit model
used in the circuit simulation of MOS integrated circuits.

In the following, we discuss the thermal modeling for self-heating of strained-
Si transistors using finite element simulation (ANSYS). A simple thermal
model is used for parametric study of the self-heating in strained-Si device
and the influence of the maximum temperature rise in the device, which is
evident from the rise in temperature in the device, obtained using ANSYS
thermal simulation, as shown in Fig. 8.17. We describe how one can extract
the SPICE parameters of strained-Si MOSFETs both at room and low tem-
perature using ICCAP tool. The extraction of threshold voltage, source-drain
resistance, and gate field mobility reduction factor will be discussed. The ex-
perimental output characteristics of a strained-Si n-MOSFET is shown in Fig.
8.18. The SPICE parameters were extracted from Fig. 8.19 using Silvaco UT-
MOST (BSIM3) tool. Several important SPICE parameters extracted from
Fig. 8.19 are shown in Table 8.2.
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FIGURE 8.17
ANSYS-simulated temperature profile in a strained-Si device. After T. K.

Maiti, unpublished data.

FIGURE 8.18
Experimental Id-Vd characteristics for Vg-Vt = 1 V, 2 V, 3 V, respectively.

After S. H. Olsen et al., IEEE Trans. Electron Dev., Vol. 51, 2004(1156-1163).
With permission.
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FIGURE 8.19
SmartSpice simulated output characteristics of a strained-Si n-MOSFET for

parameter extraction. After S. S. Mahato, unpublished data.

TABLE 8.2

Several SPICE parameters for
strained-Si n-MOSFETs
extracted using ICCAP tool.
After S. S. Mahato,
unpublished data.

Parameter Value
VTH0(V) 0.2000
K1(V0.5) 0.0500

K2(-) -0.0186
K3(-) 80.000

W0(m) 2.50E-6
NLX(m) 1.74E-7

DVT2W(V−1) -0.0320
DVT0(-) 8.200
DVT1(-) 0.2500

U0(cm2/V-s) 970.00
KETA(V−1) -0.0470

RD(ohm/square) 45.000
PRWD1(V−1) 10.000
PRWD2(V−2) 10.000

UD(-) -3.500
VSATG(0+0.05V−1) -0.1000
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8.7 Performance Assessment

Strained-Si channel devices have recently become of interest for future high-
performance applications due to higher carrier mobility and preservation of
conventional device structure/geometry. After successful fabrication of the
sub-100 nm n- and p-type strained-Si MOSFETs, it is now possible to in-
vestigate the scalability of these devices. The device/circuit performance of
strained-Si MOSFETs including strained-Si channel-on-insulator (SSOI) may
be predicted via a physics-based compact model. Kim et al. [41, 42, 43] have
assessed the circuit performance of strained-Si devices including SSOI via a
physics-based circuit model calibrated against fabricated 70-nm strained-Si
and unstrained (control) devices. Device design, performance projection and
trade-off were presented, thus predicting the possible maximum performance
in the strained-Si devices. The authors have also presented an analysis and
design of strained-Si devices and circuits for low-power applications. Main fo-
cus has been on the static and dynamic power analysis for strained-Si CMOS.
To study strained-Si CMOS logic circuits, nine-stage CMOS inverter ring os-
cillators were simulated via physics and process-based UFPDB model [44].
The model parameters were calibrated against the fabricated 70-nm devices
where the same process condition is used for bulk-Si (control) and strained-Si
devices.

Fig. 8.20 shows (fan out of 1) unloaded nine-stage ring oscillator delays vs.
Vdd for the bulk-SS and control CMOS circuits. The bulk strained-Si speed
relative to the control one is significantly improved for equal Vdd-Vt where
Vdd is 0.2 V higher for the control CMOS devices than the bulk strained-
Si ones. Fig. 8.21 compares predicted (fan out of 1) unloaded nine-stage
ring-oscillator delays for SSOI p-MOSFET with 20%-enhanced low-field hole
mobility to that with 40%-enhanced low-field hole mobility. Fig. 8.22 shows
SSOI CMOS ring-oscillator (four fundamental) delays as a function of the
device width ratio (β) at Vdd = 1.2 V. Fig. 8.23 shows predicted (fan out of
1) loaded nine-stage ring oscillator delays at Vdd = 1.2 V. The SSOI CMOS
exhibits significant speed improvement for CL = 0-100 fF over the bulk-SS
counterpart, due in part to the reduced CJ and in part to the forward-biased
VBS and capacitive coupling effect in the floating-body configuration. It is
noted that the SSOI delay is far superior to the bulk-Si. Predicted delay vs.
power-delay product for (fan out of 1) unloaded inverter ring oscillator for
bulk-Si, bulk-SS, and SSOI devices is shown in Fig. 8.24.

Fig. 8.25 compares predicted results of energy dissipation over one switch-
ing cycle for the bulk-Si, bulk-SS, and SSOI CMOS circuits. The three devices
have equal Leff = 70 nm, equal tox = 2.2 nm, and same Wn/Wp = 10 μm/20
μm. The equal Cov is assumed for the three CMOS devices. The Vt’s for the
three devices are the same at low Vds. The SSOI CMOS exhibits the lowest
energy dissipation primly due to much less CJ . The variation of the energy
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FIGURE 8.20
Predicted delays for (fan out of 1) unloaded nine-stage inverter ring oscillator.
Case for the bulk-SS CMOS with higher CJ is also shown. Since Vt is 0.2
V higher for the bulk-Si devices, Vdd is raised by 0.2 V. After K. Kim et al.,
IEEE Intl. SOI Conf. Dig., 2002(17-19). With permission.

FIGURE 8.21
Predicted delays for (fan out of 1) unloaded nine-stage SSOI CMOS inverter
ring oscillator. After K. Kim et al., IEEE Intl. SOI Conf. Dig., 2002(17-19).
With permission.
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FIGURE 8.22
Predicted (four-fundamental) delays for (fan out of 1) unloaded nine-stage

SSOI CMOS inverter ring oscillator at Vdd = 2 V. After K. Kim et al., IEEE
Intl. SOI Conf. Dig., 2002(17-19). With permission.

FIGURE 8.23
Predicted delays vs. load capacitance for (fanout of 1) nine-stage inverter

ring oscillator. Cases for the Vt-adjusted bulk-SS and SSOI CMOS devices
are shown. SSOI CMOS design point and performance trade-off are shown
as well. After K. Kim et al., IEEE Intl. SOI Conf. Dig., 2002(17-19). With
permission.
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FIGURE 8.24
Predicted delay vs. power-delay product for (fan out of 1) unloaded inverter
ring oscillator for bulk-Si, bulk-SS, and SSOI devices. After K. Kim et al.,
IEEE Intl. SOI Conf. Dig., 2002(17-19). With permission.

dissipation is predicted within 5% for the SSOI CMOS with Vt adjusted via
increasing Irec.

Thus, based on theoretical studies and hardware-calibrated models, strained-
Si CMOS would offer lower static power consumption by ∼ 5-45% and dy-
namic power consumption by ∼ 10-28% for typical circuits. Furthermore,
SSOI, building strained-Si channel with SOI structure, achieves additional
performance improvement by ∼ 10% and lower power-delay product by ∼
33% than bulk strained-Si counterpart for the inverters. However, due to the
lower bandgap in strained-Si, SSOI could have different floating-body effect
compared with SOI since all the generation and recombination currents are
different, therefore, Vt variation would be different for SSOI circuits. Fur-
thermore, SSOI could have more severe self-heating effects than SOI due to
the lower thermal conductivity in SiGe layer.

8.8 Summary

CMOS devices that feature strained-Si regions in the channel area are attract-
ing significant interest as dramatic improvement of the electrical character-
istics relative to conventional devices has been reported in strained channel
CMOS transistors. The three main sources of stress in contemporary tech-
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FIGURE 8.25
Predicted energy dissipations of (fan out of 1) unloaded nine-stage inverter

ring-oscillator for bulk-Si, bulk-SS, and SSOI CMOS devices at Vdd = 1.2 V
and 1.4 V. After K. Kim et al., IEEE Intl. SOI Conf. Dig., 2002(17-19).
With permission.

nologies are stresses due to thermal expansion, stresses due to material change,
and stresses induced by external sources. It has become very important to un-
derstand the stress formation adequately in CMOS devices. TCAD simulation
capabilities for strained-Si, both process and device, have been discussed in
this chapter. From a user’s perspective, the most important aspect of TCAD
is its predictivity.

Ultimate circuit-level device model should include all the stress effects, in-
cluding different channels and widths, S/D overhang regions, distance from
adjacent active area in both longitudinal and transverse direction, and their
sizes. Combination of different uniaxial stress from different directions will
form biaxial stress effects, leading the model to be more complicated. The
uniaxial channel stress is induced from the sides of the device. Devices with
different channel lengths have different stress effects. Many mobility enhance-
ment methods involve uniaxial stress through the active area, such as S/D
area.

In this chapter, we have shown process-induced stress simulation in MOS-
FETs where a full 2D simulation including stresses was performed. The full
stress history was simulated in order to account for the stresses induced. The
change of mobility due to stress was taken into account in these simulations.
The simulation shows how the stresses in the capping layer lead to tensile
stress in the channel area. Several special material parameter models devel-
oped for the simulation of strained-Si and silicon-germanium structures were
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presented. Extraction of BSIM3 SPICE parameters for strained-Si channel
n-MOSFETs at room temperature has been presented.
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