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Nanoscale strained-Si MOSFET physics and modeling approaches: a review
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Abstract: An attempt has been made to give a detailed review of strained silicon technology. Various device models
have been studied that consider the effect of strain on the devices, and comparisons have been drawn. A review of some
modeling issues in strained silicon technology has also been outlined. The review indicates that this technology is very
much required in nanoscale MOSFETs due to its several potential benefits, and there is a strong need for an analytical
model which describes the complete physics of the strain technology.
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1. Introduction

CMOS (complementary metal oxide semiconductor) tech-
nology has contributed significantly to the microelectronics in-
dustry, thus playing an important role in the overall develop-
ment of all countries. The performance and density of a CMOS
chip can be improved through device scaling, which is in-
evitable as also propounded by Moore law, which says that the
transistor density on a CMOS chip doubles approximately af-
ter every one and a half yearsŒ1; 2�. Continuing with Moore law,
the gate length of theMOSFETwill eventually shrink to 10 nm
in 2015Œ3; 4�. Seeing the trend of down scaling, continuous im-
provements in the VLSI MOSFET device models are required
so that the exact behavior of deep sub-micron and nanometer
scaled MOSFETs can be described with accuracy.

For the last six decades, the semiconductor industry has
been working hard to miniaturize the structure of theMOSFET
to the nanoscale because of the need to accommode more tran-
sistors on a single chip, thus performing multi tasks and also
resulting in the reduced cost of chip production. The success
and progress of nanoelectronics depends on some technologi-
cal changes to sustain CMOS technology. MOSFET physics
and modeling is facing difficulties in achieving an accurate
description of such scaled down devices. The reason is that
many complicated new phenomena are arising, such as a reduc-
tion in carrier mobility, and the failure of classical physics in
nanoscale MOSFETs. The accurate modeling of these adverse
effects and their remedial actions is very much required. But as
we scale down the MOSFET, carrier mobility decreases due to
the high vertical electrical fields in the substrate. This reduces
the speed of the device. To control these effects, strained silicon
technology has evolved in the past few years as a replacement
for silicon in substrates and also in poly-gates. It is perceived
that strain engineering improves performance without further
scaling of the gate dielectric thickness, junction depth or other
transistor dimensions.

This paper is organized as follows. Section 2 deals with
the types of stresses in microelectronic devices. Section 3 deals
with the physics of a strained silicon MOSFET. Section 4 de-

tails the effect of strain on the silicon band structure. Section 5
deals with the standard models used in the industry for micro
and nanoscale MOSFETs. Section 6 discusses some modeling
issues in the strained silicon MOS technology. Conclusions are
given in Section 7.

2. Stress

Stress that acts to shorten an object is called compressive
stress, while stress that acts to lengthen an object is called ten-
sile stress. Normally, it is perceived that the stress produces
strain in that very direction. But the fact is that strain occurs
in all directions with the application of unidirectional stress.
Stress/strain relationships are guided by Hook’s law. The fol-
lowing subsections illustrate the types of stresses occurring in
semiconductor materials and devices.

2.1. Thermal mismatch stress

Thermal mismatch stress occurs when two materials with
different thermal coefficients of expansion are heated and ex-
pand/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 coefficientsŒ5�.
This causes a strain in the lattice of silicon substrate.

2.2. Intrinsic stress

Intrinsic stress or process stress is generated due to some
process parameters and variations, i.e. film deposition rate,
film thickness and temperature. During deposition, thin oxide
films are either stretched or compressed to fit the substrate on
which they are depositedŒ6�.

2.3. Dopant induced stress

During the doping process, a local lattice expansion or con-
traction occurs due to the introduction of dopant atoms in the
lattice. The amount of strain depends on the varying atomic
sizes and bond lengths of the atoms of silicon and the dopant
atomsŒ7�.
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2.4. Biaxial or global stress

A silicon film grown over a relaxed SiGe substrate pro-
duces biaxial stress. Due to the lattice mismatch between the
Si and Ge atoms, tensile biaxial stress is generated in the over
grown Si film, which enhances the performance of NMOS and
PMOS.When a silicon film is deposited on a SiGe buffer layer,
the film is forced to adopt the greater lattice constant of the
SiGe, hence the Si film is under biaxial (longitudinal and trans-
verse) tensionŒ7�.

2.5. Uniaxial or local stress

Uniaxial stress is caused by depositing a tensile silicon ni-
tride capping layer on the MOSFET device structure. This ap-
proach is useful for NMOS devices, whereas for PMOS de-
vices, the compressive strains are produced from the SiGe
source and drains in the channel. As a result, the channel stress
becomes dependent on the polysilicon gate. The lattice mis-
match in the hetero-layer compresses the silicon lattice, which
consequently compresses the device channel. Even the intro-
duction of germanium into the source and drain of the MOS-
FET causes uniaxial strain in the direction parallel to the chan-
nelŒ7�. The biggest advantage of uniaxial strain is the achieve-
ment of higher mobility at relatively lower stress than in the
case of biaxial stress.

The stress is also a favorable step in fabricating the MOS-
FET. This is due to the same chemical properties of strained
Si and unstrained Si, and thus high quality gate oxides and
goodMOS interface properties are obtained easily by oxidizing
strained-Si films.

3. Physics of strained MOSFETs

When a layer of a crystal is grown over another layer, a
strain is developed in the upper layer due to the mismatch of
the lattice constants of the two layers to achieve the high speeds
without scaling down the devices. The strain is a very useful
parameter in devices as carrier mobility significantly increases
by altering the band structure at the channel. The alteration of
the band structure in the channel layer provides a lower effec-
tive mass and also suppresses intervalley scattering, which is a
prime cause of enhancement of carrier mobility and the drive
current. The mobility becomes roughly twice that of a con-
ventional Si substrateŒ8–10�. The conduction band splitting has
been shown in Fig. 1. Each energy level of silicon is composed
of six equal energy lobes in three dimensions. These are named
as two perpendicular �2 states and four �4 states parallel to
the plane. When a stress is applied, the �2 states and �4 states
are split up into lower and higher energy states. This band al-
teration gives an alternate lower site for electrons to reside, i.e.
�2. The difference in the energy valleys causes repopulation
of the electrons in the lower mass valleys. The effective mass
of electrons in the lower energy states is less than the higher
states. Due to this, the electronmobility increases. Besides this,
the inter-valley phonon scattering between the lower and upper
states is suppressed due to the strain induced larger energy dif-
ference. The mathematical equation (1) proves this theory.

Mathematically, carrier mobility is described by

� D q�=m�; (1)

Fig. 1. Introduction of strain in various nanoscale technologies with
the year of implementationŒ11�.

where 1/� = scattering rate and m* = conductivity effective
mass.

The mobility is directly related to the carrier velocity ‘v’
and the applied external electric field ‘E’, as shown by

v D �E: (2)

It can be seen that increasing the carrier mobility increases the
velocity, which is directly proportional to the switching speed
of the device and the drain current.

This process is especially useful at nanometer scales where
the carrier mobility is affected the most, as explained earlier in
Section 1. The introduction of different types of strains, i.e.
biaxial and uniaxial in various technologies at nanoscale, is
shown in Fig. 1.

4. Effect of strain on band structure

There are basically two types of band alignments in the lat-
tice, such as type Ⅰ and type Ⅱ alignments. When a thin film
with a larger lattice constant, e.g. SiGe, is grown on a substrate
with a smaller lattice constant (e.g. silicon), the film maintains
the in-plane lattice constant of the substrate and is under a bi-
axial compressive strain. This is known as the type Ⅰ band
alignment where virtually all the entire band alteration occurs
in the valence band only and with minimal band alteration in
the conduction band. This type of structure is favorable for hole
confinement and is a basic alignment for p-MOSFETs.

Meanwhile, a smaller lattice constant silicon epilayer will
be under biaxial tension when grown on a larger lattice con-
stant relaxed-SiGe substrate. In this case, type II band alter-
ation occurs and the structure has several advantages over the
more common type I band alignment, as a large band alter-
ation is obtained in both the conduction and valence bands,
relative to the relaxed-SiGe layerŒ12�. This allows both elec-
tron and hole confinements, making it useful for both n- and
p-type devices for strained-Si/SiGe based CMOS technology.
Since strained-Si provides type 2 alignment, a significant im-
provement in carrier mobility can be achieved. Strained silicon
is used to increase n-type and p-type MOSFET drive currents
by 10% and 25%, respectivelyŒ12�.

For hole transport, the valence band structure of silicon is
much more complex. The valence band comprises three bands:
heavy-hole, light-hole and split-orbit bandsŒ13–16�, as shown in
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Fig. 2. Energy band splitting due to biaxial strain in valence bands.

Fig. 3. Comparison of (a) biaxial and (b), (c) uniaxial strains.

Fig. 2. Application of strain causes high band warping. When
the strain is applied, the valence band energy states get split up
into light-hole and heavy-hole bands. The holes now occupy
the low energy states, which reduces their effective mass. This
increases mobility under strain. A detailed description of uni-
axial and biaxial strains is given in Figs. 3(a), 3(b) and 3(c).

Besides some merits of strain technology, there are some
drawbacks in this technology to actually implement it in
CMOS fabrication process. The main problems, such as in-
tegration of strained technology with the existing unstrained
silicon technology, and reduction in the threshold voltage and
increase in the off state currents in the nanoscaleMOSFETsŒ17�,
need to be resolved.

5. Current standard MOSFET models

Some semiconductor industry standard compact models,
such as charge, potential and conductance based models, are
reviewed here.

5.1. Charge based MOSFET model

The charge based modeling approach is one of the basic
and primitive modeling approaches. It is based on the compu-
tation of the inversion charge density in the MOSFET chan-
nel in terms of the terminal voltages, i.e. gate and drain volt-

agesŒ18; 19�. This model is a regional model because it explains
the behavior of the MOSFET separately in all regions of its op-
eration. So, these models require smoothing parameters, they
are somewhat empirical in the interfacing regions and, thus the
device behavior is not described accurately.

The prominent charge based models are level 1, level
2, level 3, BSIM1, HSPICE level 28, BSIM2Œ19�, BSIM3,
BSIM4Œ19� and BSIM5. BSIM 5 is used for sub-100 nmCMOS
circuit simulationŒ20�. This model is applicable to deep sub-
micron region, and attempts have been made to include the
modeling of strained silicon technology in the latest SPICE
models. BSIM4 considers the influence of stress on mobility,
velocity saturation, threshold voltage, body effect and DIBL
effect. But the equations expressed are mostly empirical and
no analytical models have been given. Moreover, no proper
stress/strain relationships with the device parameters have been
given.

5.2. Potential based MOSFET model

This model approach is more accurate than the charge
based models. It is based on the calculation of the poten-
tial in the channel of a MOSFET to determine the I–V and
C–V characteristics. Some of the models based on this ap-
proach are SP models by Penn-state University, USAŒ21�,
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Table 1. Comparison of two basic compact MOSFET models.
Property Charge based models Potential based models
Strain sili-
conmodel-
ing

Basic model analytical,
but an empirical correc-
tion of strain parame-
ters and equations

Basic model analytical,
but no modeling of
strain has been done

HISIM (Hiroshima-University, STARC IGFET model)Œ22–24�

valid down to sub-100 nmMOSFETs. This model is applicable
to the deep sub-micron region and attempts have been made to
include the modeling of strained silicon technology.

5.3. Conductance based MOSFET model

This modeling approach is suitable for low power, short
channel applications for analog design. It is known as the EKV
(Enz–Krummenacher–Vittoz) modelŒ25�, which has been de-
veloped by the Swiss Federal Institute of Technology, Switzer-
land. Thismodel keeps the substrate as the reference rather than
the source, as observed in the potential based and charge based
models. Due to its complexity, it is much less used for model-
ing purposes. Moreover, no stress modeling has been done in
this model.

In all the approaches mentioned above, attempts have been
made to model MOSFETs for strained silicon technology. But
most of the models that have been proposed are either em-
pirical or semi empirical in nature. Therefore, there is a need
for a more physics based approach to accurately explain the
behavior of the device. Table 1 shows the comparison sum-
mary of some of the advanced models discussed above. The
table clearly shows that though most of the industry standard
models include the strained silicon technology, these models
are not capable of predicting the complete model of the nano-
electronic devices. This is because the models include a model-
ing process that is empirically, semi-empirically or numerically
unsuitable for circuit simulation purposes.

6. Modeling issues in strained silicon technology

6.1. Electron mobility

The electron mobility models in unstrained silicon technol-
ogy need to be upgraded to accommodate effects such as band
alterations, scattering and mass calculations, thickness of the
strained silicon and SiGe layers, and germanium concentration
dependence. Various empirical models are available in the ex-
isting compact modelsŒ26�. A complete analytical model incor-
porating strain parameters still needs to be developed.

6.2. Hole mobility

The hole mobility models in unstrained silicon technology
need to be upgraded to accommodate effects such as valence
band alterations, scattering and mass calculations, thickness of
the strained silicon and SiGe layers, and germanium concen-
tration dependence. Various numerical models are available in
existing compact modelsŒ27�. But a complete analytical model
incorporating strain parameters still needs to be developed.

6.3. Threshold voltage shift

The shift in the surface potential due to the strain changes
the threshold voltage. Important parameters, such as the ef-

fect of strain, short-channel effects, strained-silicon doping,
strained-silicon thin-film thickness and gate work function
need to be modeled analytically to predict the impact of strain
on the threshold voltage.

6.4. Energy quantization in strained Si

Energy quantization effects in silicon substrates at
nanoscale MOSFETs also influence the strained silicon MOS-
FETs. The shift in the inversion charge centroid in strained
silicon depends on the germanium mole fraction, the doping
concentration and the width of the strained-Si layer. Various
numerical and empirical modelsŒ28–31� have been reported in
the literature but much less work has been done to model the
problem analytically.

6.5. Poly SiGe gate

SiGe polygate MOSFETs exhibit a reduced poly-gate-
depletion effect. Poly-SiGe films are grown at lower tempera-
tures and the work function of these films can be adjusted by
varying the Ge concentrationŒ32; 33�. The grain size, grain ori-
entations, defects and surface roughness are important charac-
teristics for applications of the SiGe films. Proper modeling of
these factors is needed to evaluate their effect on the electrical
characteristics of the device.

6.6. Tunneling currents in strained Si

As the MOSFETs are scaled down to nanometer levels, the
gate oxide leakages tend to be very high. Various numerical and
empirical modelsŒ34–37� have been reported in the literature to
study gate oxide leakage in strained silicon devices but much
less work has been done to model the problem analytically.

6.7. Hybrid orientation technology

Dual channel hetero-structure CMOS devices use both n-
type and p-type channels. In the case of Si h001i, the hole
mobility is much less than the electron mobilityŒ38; 39�. It re-
quires the width of p-type regions at least two times larger
than the n-type channels to generate the desired drive cur-
rent in CMOS circuits. If we fabricate p-type channels in Si
h110i, the hole mobility is increased, which gets further
boosted if tensile strains are applied. This process yields to
some extent the driving capability of both types of transistors
to be the same without increasing the size of the p-MOS tran-
sistors. A thorough understanding of these devices is required
using a compact model, which still needs to be developed.

7. Conclusion
In this paper, a review of strained Si MOSFET physics,

modeling issues and approaches has been carried out. Strained
silicon may be perceived as a potential technology to cure the
problems of nanoscale transistors, but there is a strong need to
understand its physics, its problems (like integration with the
existing technology) and a suitable physics based analytical
model which accurately describes the strained silicon MOS-
FET behavior at the nanometer scale in all regions of its oper-
ation.
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