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A detailed theoretical picture is given for the physics of strain effects in bulk semiconductors and
surface Si, Ge, and III–V channel metal-oxide-semiconductor field-effect transistors. For the
technologically important in-plane biaxial and longitudinal uniaxial stress, changes in energy band
splitting and warping, effective mass, and scattering are investigated by symmetry, tight-binding,
and k ·p methods. The results show both types of stress split the Si conduction band while only
longitudinal uniaxial stress along �110� splits the Ge conduction band. The longitudinal uniaxial
stress warps the conduction band in all semiconductors. The physics of the strain altered valence
bands for Si, Ge, and III–V semiconductors are shown to be similar although the strain enhancement
of hole mobility is largest for longitudinal uniaxial compression in �110� channel devices and
channel materials with substantial differences between heavy and light hole masses such as Ge and
GaAs. Furthermore, for all these materials, uniaxial is shown to offer advantages over biaxial stress:
additive strain and confinement splitting, larger two dimensional in-plane density of states, smaller
conductivity mass, and less band gap narrowing. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2730561�

I. INTRODUCTION

After 40 years of gate length reduction, planar metal-
oxide-semiconductor field-effect transistor �MOSFET� scal-
ing has ended at a gate length of �20−30 nm depending on
off-state leakage requirements. However, MOSFET perfor-
mance improvements are continuing via strained channels
which are being adopted in nearly all 90, 65, and 45 nm
logic, communication, and consumer technologies.1–12 The
discovery of strained Si to enhance MOSFET performance
originated in the research of growing Si layers on SiGe buff-
ers in the early 1980s,13,14 but the physical mechanism for
the enhancement can be traced back to the critical work on
deformation potentials by Bardeen and Shockley15,16 and ex-
perimental measurements of piezoresistance by Smith.17 Re-
cently a detailed review of the history and current progress in
the experimental research on high-mobility biaxially strained
Si, SiGe, and Ge channel MOSFETs was provided by Lee et
al.18 Chidambaram et al. also reviewed the properties of
strained Si with an emphasis on its manufacturability and
scalability in complementary metal-oxide-semiconductor
�CMOS� technology.19 Together with the recent theoretical
work by Takagi20 and Fichetti21 on n-channel MOSFETs
�nMOSFETs� and the work by Oberhuber and Vogl22 and
Fischetti23 on p-channel MOSFETs �pMOSFETs�, a fairly
complete theoretical framework on biaxial stress-enhanced
mobility has emerged. However, since to date only uniaxial
stress has been used in production of nanoscale MOSFETs, a
comprehensive picture of the physics of both biaxial and
uniaxial stressed Si and potential future channel materials is
needed.

In this article, we elucidate the physics underlying the
strain effects on semiconductors and MOSFETs by reviewing
and examining the problems at different levels, with the fo-
cus on uniaxial5,7,24,25 and biaxial stress.26–30 We first discuss
how strain alters the crystal symmetry and band structure.
Next, the tight-binding picture and k ·p method are used to
explain conduction and valence band shift and strain altered
band curvature �warping�. Finally, we investigate the effects
of strain on group IV and III–V channel MOSFETs including
electric confinement and two-dimensional �2D� density of
states �DOS�. In this article, the channel direction of a MOS-
FET is taken along �110� �which for commercial technolo-
gies is generally but not always the case�, and the wafer is
�001� surface-oriented �currently the case for all commercial
technologies�. The term “in-plane” refers to the x-y plane
and the “out-of-plane” direction is along z.

II. BRIEF HISTORY OF STRAINED SEMICONDUCTORS

Strain is a relatively old topic in semiconductor physics.
In semiconductors, strain results from phonon-induced lattice
vibrations, lattice mismatched film growth, and applied ex-
ternal stress. To account for the conduction band energy shift
with strain, deformation potential theory was developed by
Bardeen and Shockley15,16 to model the coupling between
acoustic waves and electrons in solids. Next, Herring and
Vogt31 in 1955 used deformation potentials to model trans-
port in strained semiconductors. In deformation potential
theory, the strain induced band edge shift is proportional to
the strain tensora�Electronic mail: yksun@tec.ufl.edu
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where � are the deformation potentials. Deformation poten-
tial theory is still the primary method to model the band shift
and warping via band calculations.22,32

The deformation potentials are constrained by symmetry
at different conduction band valleys as summarized by Her-
ring and Vogt31 which is reproduced in Table I. Due to sym-
metry, cubic crystals have at most three independent defor-
mation potentials at any k point for a specific energy level.
The constants �d, �u, and �p characterize the conduction
band valleys where �d is due to pure dilation �hydrostatic
strain, i.e., change in size but not shape�, �u is related to a
pure shear involving a uniaxial tension along a major axis
and a symmetrical compression along the other two minor
axes �with no volume change�, and �p is required in �110�
valleys by symmetry for describing the shift due to a shear in
the �001� plane containing the valley axis. At the � point,
another set of symbols are commonly used: ac, av, b, and d,
where ac=�d�, and av, b, and d are three independent va-
lence band deformation potentials.

The first experimental data for strain-enhanced mobility
in n- and p-type bulk Si and Ge was measured by Smith in
1954.17 Using deformation potentials, Herring and Vogt31 as-
cribed the electron mobility change to “electron transfer” and
intervalley scattering rate change caused by valley energy
shift. This is essentially the same physics that explains strain-
enhanced mobility in Si n-channel MOSFETs at present. The
exact quantification of these effects is still controversial be-
cause of a lack of agreement on the different scattering pa-
rameter sets.20

The picture of strain-enhanced hole mobility is more
complicated. Because of strong band warping,24 strain effects
on valence bands cannot be simply explained by band shifts
using deformation potentials and were studied later when
more accurate band calculation approaches such as the k ·p
method33,34 became available. Pikus and Bir35 and Kleiner
and Roth36 constructed a strain Hamiltonian in terms of the
angular momentum derived by symmetry considerations. Us-
ing this Hamiltonian in 1963, Hasegawa37 and Hensel and
Feher38 systematically studied the valence band effective
masses and deformation potentials in strained Si and com-
pared them with cyclotron resonance experiments. In order
to determine the valence band parameters, they calculated
the strain splitting and mass change under several stress con-
ditions. Hasegawa found that under �001� compressive
stress, the light-hole �LH� mass becomes larger and the in-

verse of it varies linearly with stress due to the mixing with
the split-off-hole band, and the heavy-hole �HH� mass does
not change to the first order with strain. Hensel and Feher
showed that under �001� or �111� compressive stress, the LH
band shifts up �becomes the top valence band� and the HH
band shifts down in energy. Although they only concentrated
on the zone center �k=0� and did not discuss the strain ef-
fects on carrier transport, they revealed the key factors that
affect the hole mobilities in semiconductors—band splitting
and warping, mass change, and consequently the change of
DOS which alters band occupation and phonon scattering.

To model strain effects in semiconductors, accurate de-
formation potentials are required to calculate both band shift
and band warping via band calculations. Deformation poten-
tials have been measured by many researchers: Hensel39 us-
ing cyclotron resonance, Balslev40 and Bhargava and
Nathan41 using photoluminescence, and Pollak and
Cardona42 using piezoelectroreflectance. In all these experi-
ments, the authors studied the strain splitting-induced spec-
trum difference under various stresses. However, the hydro-
static deformation potentials for separate bands are difficult
to measure and remained uncertain �e.g., −10.7→1.13 eV
for Si conduction band� until recently.32 Lim et al.43 investi-
gated the change in the gate tunneling currents of Si
nMOSFETs induced by externally applied mechanical stress
as a function of gate bias, and determined both the hydro-
static and shear deformation potentials in the Si conduction
band, which were consistent with the theoretical results ob-
tained by Fischetti32 from pseudopotential calculations.

Following three decades of work on piezoresistance,
strain altered bulk mobility, and deformation potentials,
strain has emerged as a technique to enhance MOSFET per-
formance. Wesler et al.44 in 1992 demonstrated a strained Si
n-channel MOSFET �which used biaxial stress� with electron
mobility enhanced by 2.2 times. Nayak et al.45 reported a
biaxial stressed Si p-channel MOSFET in 1993 with
1.5� enhanced hole mobility. The idea of using longitudinal
uniaxial stress for improving device performance in
MOSFETs was activated by the investigations of Ito et al.46

and Shimizu et al.47 in the late 1990s who introduced high
stress capping layers48 deposited on MOSFETs to induce
channel stress. Gannavaram et al.49 proposed SiGe in the
source and drain area for higher boron activation and re-
duced external resistance, which also furnished a technically
convenient means to employ uniaxial channel stress. Larger
mobility enhancement and smaller threshold voltage shifts
were observed for both holes and electrons using uniaxial
stress and the theoretical basis has recently become
understood.50 As a result, uniaxial stress has become stan-
dard in very large scale integrated device design.9–12,51

III. STRAIN EFFECTS ON CRYSTAL SYMMETRY

Advantageous strain reduces crystal symmetry, thus
symmetry is an intuitive means to study the strain effects in
semiconductors. Due to the commutation between symmetry
operations and the crystal Hamiltonian, crystal symmetry de-
termines the symmetry of the band structure. Strain which

TABLE I. Deformation potentials in conduction band valleys. After Herring
and Vogt �see Ref. 31�.

� 100 110 111
�1=�� /�uxx �d �d+�u �d+�u− 1

2�p �d+ 1
3�u

�2=�� /�uyy �d �d �d+�u− 1
2�p �d+ 1

3�u

�3=�� /�uzz �d �d �d−�u+�p �d+ 1
3�u

�4=�� /�uyz 0 0 0 1
3�u

�5=�� /�uzx 0 0 0 1
3�u

�6=�� /�uxy 0 0 1
3�p

1
3�u
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lowers the crystal symmetry lifts symmetry-determined band
degeneracies. The breaking of crystal symmetry also causes
band warping from symmetry restrictions.

Starting with unstrained semiconductors, based on sym-
metry, all group IV and III–V semiconductors have their va-
lence band maxima at the � point with HH and LH bands
degenerate and the split-off band lower in energy. However,
because of their different polar and covalent properties, the
conduction band structures vary. Si has its conduction band
minima along the � directions at about 0.85�2� /a�, where a
is the crystal lattice constant, while Ge has its conduction
band minima at the L point, and direct gap III–V semicon-
ductors such as GaAs have their conduction band minimum
at the � point. The GaAs conduction band is singly degen-
erate, while the degeneracy of the Si and Ge conduction band
comes from the star degeneracy which is sixfold for Si and
fourfold for Ge. The different positions in the Brillouin zone
have different symmetries. The group of k at the � point is
isomorphic to the point group of the lattice so the � point has
full crystal symmetry. The points at the � axis have the C4v
symmetry, which means that the �100� axis is a fourfold
rotation axis which is also contained in four parallel mirror
planes.

Any strain can be decomposed into a hydrostatic strain
and two types of shear strain.52 One type of shear strain is
related to the change of lengths along the three axes and the
other is related to the rotation of the axes of an infinitesimal
cube. For cubic crystals, since the hydrostatic strain does not
break crystal symmetry and, hence, only shifts energy levels
without lifting band degeneracy, it is unimportant for en-
hanced mobility. Large hydrostatic strain is generally unde-
sirable due to yield issues resulting from strain relaxation,
band gap narrowing, and MOSFET threshold voltage
shifts.53 It is the shear strain that is important to the device
engineer since it reduces crystal symmetry, leading to both
degeneracy lifting and band warping.

We first consider in-plane biaxial stress, where the trace-
less shear strain is

1

3	exx − ezz 0 0

0 exx − ezz 0

0 0 − 2�exx − ezz�

 . �2�

This shear strain lowers the crystal symmetry by short-
ening �biaxial tensile stress� or elongating �biaxial compres-
sive stress� the z-direction lattice spacing with respect to the
x or y direction, which is shown schematically in Fig. 1�a�.
Due to the difference of the z direction with respect to the
other two directions, the conduction band minima of Si along
the z axis splits away from those along the x and y direction.
The sixfold degenerate valleys then splits in energy into the
�2 and �4 valleys. The case for the Ge conduction band is
different. The biaxial stress has the same effect on the four L
valleys, so the L valleys do not split. For GaAs, the conduc-
tion band edge lies at the � point, and the effect of the
biaxial stress is to shift the band edge. The effects of both the
hydrostatic and shear strain on band shift and splitting for
biaxial stress are schematically shown in Fig. 1�b�.

In contrast, longitudinal uniaxial stress along the �110�

direction lowers the crystal symmetry in a different manner
which is shown in Fig. 2�a�. In this case, the resulting strain
contains both types of shear strain and can be written as

1

3	exx − ezz 0 0

0 exx − ezz 0

0 0 − 2�exx − ezz�

 + 	 0 exy 0

exy 0 0

0 0 0

 .

�3�

FIG. 1. �a� Cubic crystals under in-plane biaxial tensile stress. Under this
type of stress, the x-y plane is still a square, but the x , y-z plane becomes a
rectangle. �b� Diagrams of band splitting of Si, Ge, and GaAs under in-plane
biaxial tensile stress, where “n.s.” labels the unstrained band, “h.s.” labels
the band shifts with hydrostatic strain, and “s.s.” labels the band splitting
with shear strain.

FIG. 2. �a� Cubic crystals under uniaxial �110� compressive stress. Under
this type of stress, the x-y plane becomes a rhombus, and the x , y-z plane
becomes a rectangle. �b� Diagrams of band splitting of Si, Ge, and GaAs
under uniaxial compressive stress.
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Compared to the in-plane biaxial stress case where the z
direction is still a fourfold rotation axis, under uniaxial
stress, the z axis only has a twofold rotation symmetry due to
the second shear term. In the x-y plane, the x and y axes are
no longer high symmetry directions, and the plane is mirror
symmetrical with respect to the two �110� diagonals which
are now not equivalent to each other. Similar to biaxial
stress, the Si conduction band splits into �2 and �4 valleys
due to the nonequivalency between the z and x and y axes.
However, the splitting for the Ge conduction band is differ-
ent. It splits into two twofold L valley groups, since the
uniaxial stress distinguishes the �111� directions according to
their projections in the x-y plane. The diagrams of the band
shift and splitting of Si, Ge, and GaAs under uniaxial stress
are schematically shown in Fig. 2�b�.

The more important difference between uniaxial and bi-
axial stress is the band warping which is largely responsible
for the larger electron and hole mobility enhancement ob-
served with uniaxially stressed Si.23,24,54 Band warping by
breaking of symmetry can be understood using the principle
that the band structure with respect to a band extremum in
the Brillouin zone has the same symmetry of this point.
When applied to the in-plane �x-y plane� band structures, it
indicates that the 2D equienergy contour of the top valence
band has the symmetry of a square under biaxial stress and a
rhombus under uniaxial stress,24 which can be approximated
by a circle and an ellipse, respectively, for energies less than
the strain splitting energy based on perturbation theory.55 In
certain conditions, the minor axis of the ellipse may be along
the channel direction and thus favorable to the mobility since
it results in a small conductivity mass.24 Uniaxial stress un-
like biaxial stress also warps the conduction band in diamond
structure and zinc blende semiconductors. The symmetry of
the z axis under uniaxial stress is no longer C4v but C2v with
the x-y plane symmetrical only with respect to the two �110�
diagonals. By referring to Fig. 2�a�, due to the nonequiva-
lency of the diagonals, the in-plane energy contour shall ap-
proximate an ellipse with the major and minor axes along the
two diagonal directions. This has been confirmed by pseudo-
potential calculations.54 Applying stress along a low symme-
try axis causes more destruction of crystal symmetry and
results in greater band warping than stress along a high sym-
metry axis. This is the reason why the valence bands of
uniaxially stressed Si is more asymmetrical than that of bi-
axially stressed.

The valence band warping along the out-of-plane direc-
tion can be further understood by the rotation symmetry
change about the z axis. In diamond structure and zinc
blende semiconductors, the valence bands along �001� are
classified by angular momentum due to the fourfold rotation
symmetry. When coupled with electron spin, the eigenstates
at the � point split into two groups classified by J=3/2 and
J=1/2. The HH �J=3/2, MJ= ±3/2� and LH �J=3/2, MJ

= ±1/2� bands are degenerate at the � point and are eigen-
states of the angular momentum. For biaxial stress, the HH
and LH bands have negligible warping because they do not
mix since the rotation symmetry about the z axis is un-
changed. However, �110� uniaxial stress changes the rotation
symmetry about the z direction to twofold. The unperturbed

HH and LH states are no longer eigenstates of the angular
momentum and thus have strong mixing. This leads to the
following results: �i� under biaxial stress, even though the
degeneracy is lifted and the HH or LH band shifts up or
down, their band curvature along �001� is barely changed
and �ii� under uniaxial stress, in addition to the degeneracy
lifting, mixing between the HH and LH bands significantly
warps the bands. Symmetry breaking also causes some states
to anticross in some directions. For example, in the valence
bands in cubic semiconductors, if strain breaks the rotation
symmetry along a direction, the HH and LH bands will mix.
Under certain circumstances, when two bands whose wave
functions are admixed by HH and LH states are close to each
other, they will avoid crossing. This anticrossing takes place
evidently along the �110� direction under �110� uniaxial
stress and causes strong band warping.

Considerations from symmetry alone can give useful
qualitative insights into strain effects on electronic structures.
However, it does not predict the details of how the energy
bands change with strain, e.g., identifying which state as-
cends or descends under a certain type of stress. For a simple
yet more detailed qualitative description, the tight-binding
theory is very useful and straightforward.

IV. STRAIN IN TIGHT-BINDING BAND PICTURE

Tetrahedral crystals including the diamond structure and
zinc blende compound semiconductors have been studied us-
ing the tight-binding method extensively by many
authors.56–60 Strain changes the relative positions of atoms
which compose the crystal, and thus affects the spatial inter-
action between atoms. The tight-binding method treats band
structure by considering the microscopic, interatomic inter-
action, thus it provides a natural means to understand the
physics of strain effects on semiconductor band structures. In
band calculations using the tight-binding method, the quan-
tum mechanical nature of bonding is retained, ensuring a
simple and straightforward description of the physics of
strain effects. The band shifts and splitting and effective
mass changes can all be understood in this framework.

There are two atoms in a primitive cell for tetrahedral
crystals. In a sp3 tight-binding model, the conduction and
valence bands are formed from the valence electron orbitals,
with each atom in the primitive cell contributing an s, px, py,
and pz orbital, and the Hamiltonian is 8�8 without inclusion
of the spin-orbit interaction. Using this model, Chadi and
Cohen57 and Harrison58 studied the band structures of vari-
ous diamond structure and zinc blende semiconductors. Their
results show that the band structures of both diamond struc-
ture and zinc blende semiconductors are overall very similar.
Along the �001� direction, the valence bands are formed by p
bonding states with the HH band composed of the in-plane
orbitals �e.g., px and py orbital� and the LH band composed
of the out-of-plane orbitals �e.g., pz orbital�, as shown in Fig.
3. With inclusion of the spin-orbital interaction,61,62 the HH
wave function is circularly polarized in the perpendicular
plane and the LH wave function is oriented along the quan-
tization axis. This polarization of the wave function for the
valence bands is particularly important when studying the
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strain effects on band structures. For direct gap zinc blende
semiconductors, the conduction band is composed of the s
antibonding states, while for Si, due to the p admixture from
� to X the wave function of the conduction band edge is
primarily composed of the p antibonding states. By using a
small set of atomic functions as basis states, the high energy
bands are described less satisfactorily because they are more
delocalized and thus consist of more atomic functions. For
higher precision, a sp3s� model59,63,64 or more complicated
sp3s�d5 model65,66 can be employed. Neither of these models
significantly alters the composition of the wave function for
the valence bands, but the conduction band for Si will
change slightly due to the mixing from the excited atomic
states.

A straightforward way to picture the spatial interaction
between atoms is the chemical bonds. As shown in Fig. 3, in
bulk tetrahedral semiconductors, every atom connects with
its four nearest neighbors by four bonds, each of which
points toward a �111� direction of the cube which circum-
scribes the tetrahedron. In every bond, px, py, pz, and s each
contributes 25%. Considering only the p orbitals which are
directionally oriented unlike the s orbital, the projection of
the bonds along one principal direction ��100�, �110�, or
�111�� composes the LH state and the projection on the per-
pendicular plane composes the HH state. Strain rotates the
bonds or changes the bond lengths which alters the weight of
orbitals composing the bonds, causing orbital rehybridization
and variation of the spatial interaction.

The effects of hydrostatic strain on the bands can be first
understood by the tight-binding picture. If all the V
constants67 increase by the same ratio �1+��−2, where � is
the hydrostatic dilation,58 the energy eigenvalues shift, but
the band curvature is approximately the same as that of the
initial k point at k�= �1−��k, i.e., the energy level of the
dilated crystal is scaled by �1−�� in k. Therefore, the band
warping is mainly caused by shear strain.

The shear strain for biaxial stress does not change the

bond lengths to the first order of �= �exx−ezz� /3 �see Eq.
�2��, but alters the bond angles. The four bonds all rotate
toward or away from the x-y plane depending on the sign of
�. For biaxial tension ��	0�, the situation is illustrated in
Fig. 4�a��. In this case, all the four bonds are equivalent and
rotate toward the x-y plane. With such a rotation, the weight
of the px and py orbitals in the bonds increases and that of the
pz orbital decreases. Along the �001� direction, this results in
increased overlap integrals between in-plane orbitals and
lowered HH bands and decreased overlap integrals between
the pz orbitals and a weakened LH band which ascends in
energy �becomes the top valence band�. This can be con-
firmed by checking the interaction constants Vii,

56–58 where
i=x , y , z, between orbitals

Vxx� = Vyy� =
1

3
Vpp
�1 + 2�� +

2

3
Vpp��1 − �� �4�

and

Vzz� =
1

3
Vpp
�1 − 4�� +

2

3
Vpp��1 + 2�� , �5�

where Vpp
 and Vpp�, determined by the bond length, are the
interaction constants of the 
- and �-type bond coupling,
respectively. Because Vpp
	0 �for Si, Vpp
=4.47 eV� and
Vpp��0 �for Si, Vpp�=−1.12 eV�, in-plane biaxial tension
enhances the interactions between px and py orbitals and
weakens the overlap between pz orbitals. Along the �100� and
�010� direction, the LH band is lowered because it is com-

FIG. 3. The schematic diagram for the chemical bonds which connect one
atom to its four nearest neighbors in a tetrahedral crystal, the s, px, py, and
pz orbital, the interaction between two py orbitals, and the wave function
polarization for the HH and LH states.

FIG. 4. �a� Under biaxial tension, four bonds rotate toward the x-y plane. �b�
Under �110� uniaxial compression, two bonds are pushed together along
�110� and two bonds are pulled apart along �110�.
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posed mainly of the px and py orbitials, respectively, and the
topmost bands are HH bands. Therefore, the top valence
band under biaxial tension is LH-like out-of-plane and HH-
like in-plane. This is the reason why biaxial tensile stress is
not desirable for hole mobility enhancement,24,28 which we
will elaborate in Sec. VIII.

The wave function of the Si conduction band along the
� axis is composed of s and parallel p states, e.g., the con-
duction band state along the �001� direction is composed of s
and pz states. Biaxial tension lowers the two valleys along
the z axis and raises the other four in the x-y plane due to
both the changed overlap integrals between the p orbitals and
the fact that the conduction band of Si is composed of anti-
bonding p states.

The shear strain for �110� uniaxial stress contains two
terms �see Eq. �3��. The first shear term gives the same re-
sults as the biaxial stress and determines the band splitting
and shift along the three �100� axes. For uniaxial compres-
sion, this term results in a top valence band with out-of-plane
HH-like and in-plane LH-like characters. It does not distin-
guish the two in-plane �110� directions. However, the second
shear term creates the in-plane anisotropy by changing both
the bond angles and bond lengths. For the four nearest-
neighbors connected by the bonds, two of them lie along the
�110� direction and the other two lie along the �110� direc-
tion. Under compressive stress, the bonds that project along
the �110� direction are shortened and pushed together and the
bonds that project along the �110� direction are elongated
and pulled apart, which is illustrated in Fig. 4�b�. Despite the
shortened bond length which increases the interaction be-
tween the origin atom with the atoms along �110�, the rota-
tion of the two bonds increases the weight of the perpendicu-
lar orbitals and reduces that of the parallel orbitals with
respect to the �110� direction. Thus, lowered HH states and a
raised LH state along �110� result. Along �110�, the situation
is reversed because compression along �110� is equivalent to
tension along �110�. The fact that the two bonds are pulled
apart increases the parallel projection and reduces the per-
pendicular projection. The valence band splitting and shifts
under �110� uniaxial compressive stress then favor enhanced
hole mobility by reduced conductivity mass and still large
DOS in the ground valence band.

For both biaxial and uniaxial stress, compression shifts
the LH band up and the HH band down along the compres-
sive stress axis �for biaxial tensile stress, the compressive
stress axis is along z, see Fig. 1�a��. This occurs because
compression rotates the bonds toward the plane perpendicu-
lar to the stress axis and makes the interatomic interaction in
the perpendicular plane stronger than that parallel to the
stress axis.

The simple tight-binding picture presented in this section
explains the strain effects on the band splitting and shifts in a
qualitative way. Using a sophisticated and refined tight-
binding method, a quantitative description of the band split-
ting and effective mass change due to stress can also be
obtained.65,66,68–70 For most cases, an entire band picture is
not necessary because in applications to semiconductors or
MOSFETs, electrons or holes are generally only located at
the conduction or valence band edges. To obtain quantitative

or semiquantitative results of the strain effects on band struc-
ture or charge transport, the k ·p method can be employed,
which usually treats the band structure around a special point
in k space.

V. STRAIN IN k·p FRAMEWORK

The k ·p method is based on perturbation theory and
substantial symmetry considerations.34,71–73 It also employs
various empirical parameters such as the band gap. Although
it cannot provide a microscopic picture, it uses a small set of
basis vectors and treats strained band structures with high
precision. Other band models such as the tight-binding and
pseudopotential methods need to treat the strained crystal as
a new system, but owing to Pikus and Bir,35 the strain Hamil-
tonian has a very simple form in the k ·p framework. This is
important not only in three-dimensional �3D� cases, but in
2D systems as well where the k ·p method is proven to be
efficient22 for solving the Schrödinger-Poisson equation to
obtain the self-consistent field and subband structures. In this
section, calculations under the k ·p framework are used to
validate the insight gained in the symmetry and tight-binding
discussions.

According to Pikus and Bir,35 the correspondence be-
tween the strain Hamiltonian and the k ·p Hamiltonian is

kikj ↔ eij, �6�

and the total Hamiltonian is given by H=Hkp+Hstrain. The
strain Hamiltonian is formally identical to the k ·p Hamil-
tonian due to the fact that p2 and eij are both second rank
tensors.

First consider the GaAs and Si conduction bands which
are singly degenerate at the band minima. For GaAs, the
total Hamiltonian for the conduction band is

H =
�2k2

2m�
+ ac�exx + eyy + ezz� , �7�

where ac is the conduction band deformation potential. For
Si, we need two deformation potentials in the conduction
band from symmetry considerations, and the total Hamil-
tonian is

H =
�2�kl − k0�2

2ml
� +

�2kt
2

2mt
� + alel + atet �8�

or written in the conventional way

H =
�2�kl − k0�2

2ml
� +

�2kt
2

2mt
� + �dTr�eij� + �uel, �9�

where �d and �u are the dilation and uniaxial deformation
potentials at the Si conduction band edge, Tr�eij� stands for
the trace of the strain tensor, and el �et� is the longitudinal
�transverse� strain component. Along �001�,

el = ezz �10�

and

et = exx + eyy . �11�

For a singly degenerate band such as the conduction
band for GaAs or Si, strain shifts the energy but does not
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change the energy dispersion in the linear regime. The off-
diagonal terms in the strain tensor such as exy do not contrib-
ute to the band shift or band warping in this model �see also
Table I�. Including more bands into the system, the warping
can be obtained through the coupling from the other strain
altered bands. However, for semiconductors such as Si, be-
cause the conduction and valence band edges are not at the
same k point, it is difficult to treat the conduction and va-
lence bands at the same time, although there indeed exist full
zone k ·p models.71,74,75

The valence bands for all diamond and zinc blende

structure semiconductors can be calculated using the Lut-
tinger Hamiltonian.34,73 The Luttinger Hamiltonian is suit-
able for semiconductors whose band gap is much larger than
the split-off energy, and thus the valence bands �including
the HH, LH, and split-off band� can be treated alone. Using
the basis classified by the angular momentum �e.g.,
�3/2 , 3 /2�, �3/2 , 1 /2�, �3/2 , −1/2�, �3/2 , −3/2�,
�1/2 , 1 /2�, and �1/2 , −1/2�, where the first quantum num-
ber labels the total angular momentum, and the second quan-
tum number labels the angular momentum projection at one
�100� axis�, the Hamiltonian is represented by

�
− P − Q L − M 0

1

2

L − 
2M

L+ − P + Q 0 − M 
2Q −
3

2
L

− M+ 0 − P + Q − L −
3

2
L+ − 
2Q

0 − M+ − L+ − P − Q 
2M+
1

2

L+

1

2

L+ 
2Q+ −
3

2
L 
2M − P − � 0

− 
2M+ −
3

2
L+ − 
2Q+

1

2

L 0 − P − �

� , �12�

where

P =
�2

2m0

1�kx

2 + ky
2 + kz

2� , �13a�

Q =
�2

2m0

2�kx

2 + ky
2 − 2kz

2� , �13b�

L =
�2

m0


3
3�kx − iky�kz, �13c�

M = −
�2

2m0


3�
2�kx
2 − ky

2� − 2i
3kxky� , �13d�

and � is the split-off energy, and 
1, 
2, and 
3 are the
Luttinger parameters. In this Hamiltonian, the only differ-
ence between the �110� and �100� directions is that HH
couples with the LH band through the Luttinger parameter 
2

in �100� while they couple each other through 
3 in �110�.
Generally since 
2�
3 and are close to each other, the band
repulsion along �110� is slightly stronger than along the
�100� direction, so the HH mass is larger and LH mass is
smaller in the �110� direction. Due to the similarity of sym-
metry between Si, Ge, and zinc blende semiconductors, the
band structures are similar. However, the small split-off en-

ergy of Si enhances the interaction between the top bands
and the split-off band so that the HH band of Si is more
warped than Ge and GaAs. This is reflected by the difference
between the values of 
2 and 
3. If 
2=
3 �which is called
the spherical approximation�, then the valence bands are iso-
tropic. The valence band structure of unstrained Si obtained
from Hamiltonian Eq. �12� is shown in Fig. 5�a� together
with the effective masses labeled where only the HH and LH
bands are included. For convenience, the Luttinger param-
eters and deformation potentials of Si, Ge, and GaAs are
listed in Table II.

When the energy range of interest is sufficiently smaller
than the split-off energy, it is usual to assume the coupling
from the split-off band can be ignored. In this case, the elec-
tronic structures of the HH and LH bands can approximately
be described by a 4�4 Hamiltonian �the upper-left 4�4
matrix block in the Hamiltonian Eq. �12��. By diagonalizing
the 4�4 Hamiltonian, the analytic expressions for the effec-
tive masses for both the HH and LH bands along �001� and
�110� are given as follows.37,38

�001�:

mhh
�

m0
=

1


1 − 2
2
, �14a�
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mlh
�

m0
=

1


1 + 2
2
. �14b�

�110�:

mhh
�

m0
=

1


1 − 

2
2 + 3
3

2
, �15a�

mlh
�

m0
=

1


1 + 

2
2 + 3
3

2
. �15b�

In a general strain case, every term in the valence band
Hamiltonian Eq. �12� has a strain counterpart. The corre-
sponding strain terms are defined as the following:

Pe = − av�exx + eyy + ezz� , �16a�

Qe = −
b

2
�exx + eyy − 2ezz� , �16b�

Le = − d�exz − ieyz� , �16c�

Me =

3

2
b�exx − eyy� − idexy . �16d�

The term Pe occurs in every diagonal term in the strain
Hamiltonian so its only role is to shift the whole valence
bands uniformly without warping the bands. In fact, �exx

+eyy +ezz� is exactly the hydrostatic strain part. Qe corre-
sponds to the diagonal shear strain terms and Me corresponds
to the off-diagonal shear strain terms in Eq. �3�. Le is only
nonvanishing when there is stress along �101� or �011�.
Around the � point, if the coupling from the split-off band is
neglected, through diagonalizing the 4�4 Hamiltonian, the
analytical expression for the top two bands can be obtained
as

E�k� = − P − Pe ± 
�Q + Qe�2 + �L + Le�2 + �M + Me�2.

�17�

However, strain introduces extra coupling between the
HH, LH, and split-off hole bands, and the 4�4 Hamiltonian
does not suffice for a realistic description even for semicon-
ductors which have relatively large split-off energy. The
strain splitting and effective mass obtained can be remark-
ably different from those obtained by the 6�6 Hamiltonian
in highly strained semiconductors.37,81 Thus, the analytical
results obtained using the 4�4 Hamiltonian can only serve
for qualitative discussions. The figures shown in this section
are all plotted using the results obtained through the 6�6
Hamiltonian.

For in-plane biaxial stress, eij =0 for i� j, and exx=eyy

�ezz, thus Le=Me=0. When neglecting the coupling from
the split-off band, all the off-diagonal strain terms vanish,
and thus the band warping along �001� is small. In fact, the
HH effective mass is negligibly affected and the LH mass
will change slightly due to the nonvanishing coupling from
the split-off band around the � point. The shear strain shifts
the HH and LH bands oppositely in energy. We need to note
that Qe along �100� or �010� is different from that along

FIG. 5. Si valence band structures for �a� unstressed, �b� 1 GPa biaxial
tensile stressed, and �c� 1 GPa uniaxial compressive stressed Si. Only the
top two bands are shown and effective masses are labeled in units of free
electron mass.

TABLE II. Band parameters and deformation potentials for Si, Ge, and
GaAs.


1
a 
2

a 
3
a mD

hha mD
lha av

b

�eV�
b

�eV�
d

�eV�
Si 4.22 0.39 1.44 0.53 0.16 2.46 −2.1 c −4.8 c

Ge 13.4 4.24 5.69 0.35 0.043 1.24 −2.9 d −5.3 d

GaAs 6.98 2.06 2.93 0.62 0.074 1.16 −2.0 e −4.8 e

aSee Ref. 76
bSee Ref. 77. In calculating the valence band structures shown in Fig. 5 and
6, parameter av=0 is taken for the valence bands because it shifts the va-
lence bands uniformly.
cSee Ref. 78.
dSee Ref. 79.
eSee Ref. 80.
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�001�. Along �001�, Qe=−b�exx−ezz�, and along �100� or
�010�, Qe=−b /2�ezz−exx�. Therefore, the trend of relative
band shift is opposite between �001� and �100� or �010�, but
is the same for �100� and �010�. The HH and LH band shift
and splitting of Si under in-plane biaxial tension �exx=eyy

	0 and ezz�0� is shown in Fig. 5�b�. Under biaxial tension,
the top band along �001� is LH-like, and in the x-y plane, it
is HH-like. The band warping and shifts are both consistent
with the results obtained by Hasegawa37 and Hensel and
Feher.38

The band structure for �110� uniaxial compressive
strained Si is shown in Fig. 5�c�. For �110� uniaxial stress,
exx=eyy �ezz, and exy �0. In this case, Le=0 and Me�0. The
two strain terms are the diagonal term �exx+eyy −2ezz� and
the off-diagonal term exy. At the � point, although the diag-
onal shear term does not couple the HH and LH bands in the
�001� direction, the exy term couples them. This occurs be-
cause the uniaxial stress reduces the symmetry in the x-y
plane. The band shift is determined by both Qe and Me. Un-
der �110� uniaxial compression �exx�0 and ezz	0�, the HH-
like band rises and the LH-like band lowers in energy along
�001�, which is mainly determined by the diagonal shear
strain term Qe. Due to the coupling between the HH and LH
bands at the � point, the LH effective mass becomes larger
and the HH effective mass becomes smaller along �001�. In
the x-y plane, the top band effective mass along �110� is
smaller than the unstressed value at 0.12m0, and the effective
mass along �110� is very large ��m0�. In Secs. VII and VIII,
we will see that the effective mass along �001� determines
the band shift under electric confinement and the in-plane
effective masses determine the conductivity mass and 2D
DOS mass for �001� surface MOSFETs. The change of these
three mass values with strain ultimately determines the
strain-induced mobility enhancement.

Strain has similar effects on the valence band structure
for both group IV and III–V semiconductors. For comparison
between different semiconductors and between different
stresses, Fig. 6 shows the 3D equienergy surfaces of Si, Ge,
and GaAs top valence bands with no stress, 1 GPa biaxial
tensile, and 1 GPa uniaxial compressive stress computed us-
ing the full 6�6 Hamiltonian. The top valence band is es-
pecially important since with relatively large strain, holes
primarily occupy the top valence band, and this determines
the hole mobility. The unstressed top valence band of Si is
remarkably different from Ge and GaAs because of more
warping, while the stressed band characters are similar. The
top bands of Si, Ge, and GaAs are all LH-like in the z direc-
tion and HH-like in-plane for biaxial tensile stress, and LH-
like in the �110� direction and HH-like in the �110� and z
direction for uniaxial compressive stress.

In the 2D MOSFET channels, the conductivity mass and
DOS of the hole gas in the inversion layer of the p-channel
MOSFETs are both determined by the in-plane energy dis-
persion. Since electric confinement along the z direction does
not significantly affect the energy dispersion in the x-y plane
for �001� surface MOSFET devices, the in-plane energy dis-
persion under strain can be discussed in the bulk case. From
the 4�4 Hamiltonian while neglecting the coupling from the

split-off band, the energy dispersion in the small k limit
��2k2 /2m0��E, with �E the strain splitting� for the biaxial
stress case is38,82

E�k� = − Pe � Qe − � �2

2m0
���
1 ± 
2�kt

2 + �
1 � 2
2�kz
2� .

�18�

Then, for biaxial stress, the top and lower bands are both
ellipsoids with the energy contours in the x-y plane being
circles. The top band under biaxial tension corresponds to the
lower sign, and the in-plane bands are HH-like while the
out-of-plane band is LH-like. The energy dispersion with
�110� uniaxial stress also depends on the compliance param-
eters of the specific semiconductor besides the band param-
eters through the relation between � and �, where we define
�=exx−ezz, and �=exy. The dispersion expression for the top
two bands under �110� uniaxial stress is

E�k� = − Pe ± 
b2�2 + d2�2

−
�2k2

2m0

1 �

�2k1
2

2m0

�
3
3d� + 
2b��

b2�2 + d2�2

±
�2k2

2

2m0

�
3
3d� − 
2b��

b2�2 + d2�2

±
2
2b�kz

2


b2�2 + d2�2
, �19�

where k1 is the k vector along �110� and k2 is the k vector
along �110�. At the small k limit, both the top and lower
bands are ellipsoids, with the three axes along �110�, �110�,
and �001�. Under uniaxial compression, the energy contour
for the top band in the x-y plane is an ellipse with the major
axis along �110� and the minor axis along �110�. The 2D x-y
energy contours for unstressed, biaxial tensile stressed and
�110� uniaxial compressive stressed Si are shown in Fig. 7,
where it clearly shows that for small energy, the 2D contours
for biaxial stress are close to circles and those for uniaxial
stress are close to ellipses, which are consistent with the
earlier discussions and also consistent with the results from
the symmetry considerations. Obviously, in the large k limit
where the strain splitting energy can be neglected, the band
structure of the unstrained bulk case is recovered, which can
be seen by inspecting Eq. �17� or Fig. 7.

VI. STRAIN ON BULK CARRIER TRANSPORT

With the knowledge of strain-induced band shifts, split-
ting, and effective mass changes under biaxial and uniaxial
stress, the effects of strain on carrier mobility can be inves-
tigated qualitatively in a simple way through the Drude
model �=e� /m�, where � is the carrier mobility, � is the
momentum relaxation time, and m� is the conductivity effec-
tive mass. Strain changes the conductivity mass m�, and also
the DOS of bands, which consequently affects the momen-
tum relaxation time. A variety of scattering mechanisms con-
tribute to momentum relaxation among which phonon scat-
tering dominates at room temperature for lightly doped
semiconductors. In this section, we discuss the strain effects
on the bulk carrier transport properties. At low gate voltages
where the electric confinement is weak, the bulk case is a
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close approximation to the MOSFET channel. The studies of
bulk transport also provide the formalism for studying 2D
electron/hole gases in Sec. VIII.

Since the conduction band of III–V band materials such
as GaAs is singly degenerate, their electron mobility will not
be affected significantly by strain. Electron mobility en-
hancement in strained Si results from the lifting of degen-

eracy of the six conduction band valleys. The splitting of the
�2 valleys from the �4 valleys and the preferential popula-
tion of electrons in the �2 valleys under in-plane biaxial
tensile or �110� uniaxial tensile stress result in more electrons
with lighter effective mass available for carrier transport,
since the electron effective mass perpendicular to the �2 axis
is lighter. The maximum electron mobility enhancement due
to mass change alone in strained Si is 3ml / �2ml+mt�=1.36 at
the large stress limit when only the �2 valleys are occupied.

The valley degeneracy lifting in strained Si also alters
phonon scattering. For moderate to large stress when the
strain splitting is larger than kBT and comparable to the in-
tervalley phonon energy, electron repopulation becomes con-
siderably less effective, and the strain-induced intervalley
scattering reduction becomes dominant. In the Si conduction
band, both intravalley �acoustic phonon scattering only, op-
tical phonon is forbidden� and intervalley �both acoustic and
optical phonon� scattering contribute. At low temperature,

FIG. 6. The 3D equienergy surfaces for the top valence bands of Si, Ge, and GaAs with no stress, 1 GPa biaxial tensile and uniaxial compressive stress. The
energy plotted is 25 meV. For biaxial tensile stress, the bands are LH-like in the z direction and HH-like in the �110� direction. For uniaxial compressive stress,
the bands are HH-like in the z direction and LH-like in the �110� direction.

FIG. 7. Top band 2D energy contours for �a� unstressed, �b� 1 GPa biaxial
tensile stressed, and �c� uniaxial compressive stressed Si. The energy inter-
val between contours is 25 meV.
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acoustic phonon intravalley scattering dominates, but at
room temperature, intervalley scattering is about twice as
strong as intravalley scattering.83 Intravalley scattering is en-
hanced due to the electron repopulation, while the intervalley
scattering is reduced due to valley splitting-induced decrease
of scattering joint DOS. With sufficiently large splitting, the
intravalley scattering is slightly increased while the scatter-
ing from �2 valleys to �4 valleys is totally suppressed. The
intervalley scattering rate then is reduced by about �80%
assuming the f- and g-type scattering have about the same
strength. This assumption was used in the theoretical work of
Takagi et al.20 and yielded good agreement with experi-
ments. However, this is an empirical attempt to explain the
strain-enhanced electron mobility. Strain should not alter the
f and g scattering strength, and for Si, the scattering
strengths are not the same.84–86 Nevertheless, if we stick to
this assumption and consider both the conductivity mass and
phonon scattering change, the bulk electron mobility en-
hancement is �2.5, consistent with experimental
observations.28,29

The physics of strain-enhanced hole mobility is compli-
cated due to valence band complexity. For unstrained semi-
conductors, both heavy holes and light holes contribute to
hole transport due to band degeneracy. More sophisticated
models such as the Boltzmann equation should be applied to
quantify the hole transport, which takes into account the
energy-dependent relaxation process and considers the aniso-
tropic valence bands. A simple estimate can be made for the
hole mobility of bulk unstrained semiconductors limited by
phonon scattering. The DOS of either the HH or LH band
can be written as

N�E� =
4��2mD

� �3/2

h3

E , �20�

where mD
� is the DOS effective mass for the HH or LH band.

For a hole density of p, the density of the HH is
mD

hh 3/2p / �mD
hh 3/2+mD

lh 3/2� and the density of the LH is
mD

lh 3/2p / �mD
hh 3/2+mD

lh 3/2�. For scattering in either the HH or
LH band, the overlap factor is87

I2�k, k�� =
1

4
�1 + 3 cos2 �k� �21�

and for scattering between the HH and LH bands

I2�k, k�� =
3

4
sin2 �k , �22�

where �k is the angle between the initial and final state vec-
tors.

At room temperature or above, optical phonon scattering
is dominant in Si and Ge,88,89 and polar optical phonon scat-
tering dominates in III–V compound semiconductors. Con-
sidering only optical phonon scattering, the scattering rate is
given by90

1/��k� �� dk�
Ck�, o

2 I2

��o
�n��o� +

1

2
�

1

2
�

���Ek� − Ek � ��o� , �23�

where Ck�, o
2 is the electron-phonon coupling term, n��o� is

the density of the optical phonons with energy ��o, and the
upper �lower� sign corresponds to the phonon absorption
�emission� process. The � function complies with the conser-
vation of energy and the integration of it gives the joint DOS
for phonon scattering. Assuming most holes are located at
the � point, which is approximately the case at low field and
low hole density, the phonon emission process can be ne-
glected because the initial hole energy is lower than the pho-
non energy ��o. The angular dependence of the scattering
rate is from the overlap factor. Integration of I2 over the
range −����� gives the same value for expressions of I2

in either Eqs. �21� or �22�. Thus the heavy holes and light
holes have the same scattering rate. For Si and Ge, the
electron-optical phonon coupling can be assumed indepen-
dent of wave vector q =k�−k. For both heavy holes and light
holes

�1/��nonpolar �
C2n��o��

�2
�o
��2mD

hh

�
�3/2

+ �2mD
lh

�
�3/2� . �24�

For polar semiconductors, the electron-phonon coupling
is

Cq, o
2 = A

q2

�q2 + q0
2�2 , �25�

where q0 is the reciprocal Debye screening length, A is a
constant determined by the semiconductor intrinsic proper-
ties, and the scattering rate is

�1/��polar = An��o��
��o� �2mD
hh/�2�5/2

�2mD
hh�o/� + q0

2�2

+
�2mD

lh/�2�5/2

�2mD
lh�o/� + q0

2�2� . �26�

The overall hole mobility is

� =
e�

p
� plh

mlh
+

phh

mhh
� , �27�

where mhh and mlh are the conductivity masses determined
by the device geometry and are different from the DOS
masses. The conductivity mass in bulk semiconductors is
difficult to obtain analytically because of the strong aniso-
tropy in the valence bands and the occupation in 3D k space.
In Sec. VIII, we will introduce a simple estimation method to
evaluate the conductivity mass in the 2D case.

The difficulty of analyzing the strain-enhanced hole mo-
bility lies in the band warping caused by strain. Warping
mixes the HH and LH characters in the valence bands as
seen in Figs. 5�b� and 5�c�. Splitting also changes the hole
distribution. At moderate stress ��1 GPa�, the strain-induced
splitting is small compared to the optical phonon energy but
large enough so that the conducting holes mostly reside in
the top band. Process-induced production stresses7,51 or lab-
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realized stresses by wafer bending method43,50,91 are typi-
cally �1 GPa, resulting in valence band splitting for Si of
about 20–30 meV. The optical phonon energy for Si is over
60 meV. In this case, the phonon scattering rate is slightly
reduced but can be considered unchanged for simplicity.
Thus, the mobility enhancement can be considered to be in-
duced mainly by hole redistribution among the split bands.
This situation is schematically illustrated in Fig. 8. Neglect-
ing changes in scattering, the enhancement factor can be ex-
pressed as the ratio of the conductivity masses

��

�
=

mc

mc�
=

mhhmD
hh3/2 + mlhmD

lh3/2

mtop� �mD
hh3/2 + mD

lh3/2�
, �28�

where mtop� , the hole conductivity mass of the topmost va-
lence band in strained semiconductors, also constrained by
the device geometry, may not be the same as the unstrained
value �e.g., see Figs. 5�b� and 5�c��.

In large strain cases where the strain splitting is greater
than the phonon energy, the interband phonon scattering is
totally suppressed and scattering only takes place within the
top band which now can be well approximated by an ellip-
soid. The DOS mass for the top band is then mD

top

= �mambmc�1/3 where ma, mb, and mc are the three masses
along the three axes of the ellipsoid. Under in-plane biaxial
stress, the effective mass in the x-y plane is close to isotro-
pic, but under uniaxial stress, the effective mass is highly
anisotropic, and the three mass values are different. The scat-
tering rate is then

1/�� �
C2n��o��

�2
�o

�2mD
top

�
�3/2

�29�

and

��

�
= �mD

hh3/2 + mD
lh3/2

mD
top3/2 �

�� mD
hh3/2 + mD

lh3/2

�m�/mhh�mD
hh3/2 + �m�/mlh�mD

lh3/2� , �30�

where m� is the effective mass along the channel direction
under strain.

In the situation where the strain splitting is smaller than
the phonon energy, the splitting energy can be taken into

account in the scattering rate approximately by considering
that far away from the � point, the band recovers its un-
strained curvature. Thus at relatively large k, the top band
recovers HH-like and the second band LH-like character.
The DOS can still be approximated using the density-of-
states effective masses, with the only difference being the
two bands are split by energy �E. For Si and Ge, the scat-
tering rate for holes residing at the � point at the top band
can be estimated by

1/�� �
C2n��o��

�3/2 � 1

��o

�2mD
hh

�
�3/2

+

��o − �E

��o
�2mD

lh

�
�3/2� . �31�

This equation only differs from the unstrained case by
the scattering contribution from the LH band being reduced
due to the strain splitting in the second term. We can see that
when ��o��E, this difference is small. For Si, ��o

�62 meV, and assuming �E=20 meV, �� /��2.5%. This
means that the mobility enhancement in Si at the small strain
approximation can be considered to be solely from the
charge redistribution and consequently the conductivity ef-
fective mass change. The optical phonon energy in Ge
���o=35 meV� is less than that in Si, but the LH mass is
much smaller than the HH mass, so the mobility enhance-
ment due to the scattering rate reduction can also be ne-
glected at the low strain limit.

Next we consider the phonon scattering in polar semi-
conductors. Because of the different electron-phonon cou-
pling of the polar semiconductors compared to Si and Ge,
under certain circumstances, the splitting can make the polar
optical phonon scattering more effective. With strain split-
ting, the scattering rate becomes

1/�� �
2�An��o�

��o
�mD

hh

�2

�2mD
hh��o/�2�3/2

�2mD
hh��o/�2 + q0

2�2

+
mD

lh

�2

�2mD
lh���o − �E�/�2�3/2

�2mD
lh���o − �E�/�2 + q0

2�2� . �32�

If �E=0, then the case without strain is recovered. We
can see that the first term does not change and the second
term corresponds to the DOS of the LH band at energy
��o−�E. If the hole density is small and the screening effect
can be neglected, the second band contribution to the phonon
scattering actually increases. This is in contrast with Si and
Ge because of the different electron-phonon coupling for
GaAs which is inversely proportional to q2 in the low carrier
density approximation. This effect is schematically illus-
trated in Fig. 9.

For GaAs, mD
hh=0.50m0, mD

lh=0.076m0, and ��o

=34 meV. For a 400 MPa stress, �E is �20 meV and �� /�
is �−16%. This indicates that due to strain splitting, the
scattering rate actually increases by 16%, which will increase
the resistivity and thus lower the mobility. The screening
becomes strong as the hole density increases. In the strong
screening limit �q0

2� �2mD
lh���o−�E� /�2��, reduction of the

DOS dominates, and the scattering decreases with strain

FIG. 8. Diagram for the valence bands with a small strain splitting which is
much less than the phonon energy. Arrows show phonon scattering. Optical
phonon scattering changes little. Mobility is enhanced because more light
holes take part in conduction.
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splitting. In the large strain limit when the splitting is larger
than the optical phonon energy, the mobility change shall
follow the discussion for Si and Ge in the large strain limit,
i.e., scattering reduction is mainly caused by reduced joint
DOS.

From the earlier discussion, the hole mobility enhance-
ment is predominantly determined by the conductivity mass
change at the low stress limit and is determined by both the
conductivity mass and phonon scattering rate reduction in
large strain cases. The assumption that all holes reside in the
top band only holds for low hole densities. If the hole density
is high enough or the strain is small enough that the Fermi
energy is much larger than the splitting energy, the redistri-
bution actually can be neglected and consequently there is no
pronounced effect on mobility.

In the normal inversion operation mode, carriers in
MOSFET channels are 2D electron/hole gases. Two new fea-
tures must be considered for the carrier transport: �i� electric
confinement and �ii� semiconductor-oxide interface scatter-
ing. Due to the quantum confinement, the band structure then
depends both on the confinement and strain splitting in
strained MOSFET devices. For quantitative purposes, inter-
face scattering must also be taken into consideration in ad-
dition to the phonon scattering. In the next section, the prop-
erties of electric confinement and interface scattering are
discussed.

VII. ELECTRIC CONFINEMENT AND SURFACE
ROUGHNESS SCATTERING

The motion of carriers in MOSFET channels is restricted
in the gate direction �z direction� and quantized, leaving only
a 2D k vector which still characterizes the Bloch wave mo-
tion in a plane �x-y plane� normal to the confining potential.
An energy band which extends in the kz direction in bulk
materials is now split into a series of subbands. The proper-
ties of the subbands and transport properties of the inversion
and accumulation layers at semiconductor-insulator inter-
faces have been reviewed in detail in Ref. 92. Quantum con-
finement in the z direction also reduces the crystal symmetry.
Because of the different effective masses in the confinement
direction, the six conduction valleys in Si split into �2 and
�4 valleys. The degeneracy of the Ge conduction band is not
altered by confinement. The valence bands in all group IV
and III–V semiconductors split into two sets of subbands

with the ground state of HH “on top.” The subband splitting
induced by quantum confinement can be additive or subtrac-
tive to the strain-induced splitting.

There are many quantitative methods to address the 2D
conduction band structures such as the triangular potential
well approximation,93 Hartree self-consistent variational
method94 or Hartree–Fock approximation,95 etc. In addition
to determining the z dependent confining potential, subband
structures are also required to be computed for the valence
bands. The k ·p method can be employed to calculate the
subband structures in the triangular well approximation96 or
the confining potential and the subband structures can be
obtained through a self-consistent procedure.97 For simplic-
ity, here we only use the triangular well approximation to
qualitatively discuss the subband splitting for both the con-
duction and valence bands. At high substrate doping concen-
trations �current technological interest�, the triangular poten-
tial well approximation gives satisfactory results.23,98

In the triangular potential well approximation, the poten-
tial is given by

V�z� = �eFz z 	 0

� z � 0
� , �33�

where F is the effective field along the z direction. By match-
ing the boundary conditions, the subband energies are

En = rn� �2

2mz
�1/3

�eF�2/3, �34�

where rn are the roots for the equation A�−r�=0: r0=2.338,
r1=4.087, r2=5.520, r3=6.787, r4=7.944. . ., and A�−r� is the
Airy function. Specifically, the ground state energy is

E0 = 2.338� �2

2mz
�1/3

�eF�2/3. �35�

Under an effective field of magnitude 1 MV/cm,
��2 /2mz��1/3��eF��2/3�=72.5/ �mz /m0�1/3 meV. The splitting
between the ground state �2 valley �mz=0.92� and �4 valley
�mz=0.19� of Si is �121 meV. For a 2D system, the DOS is
reduced to a step function of energy and given by

D�E� =
m

��2 , E 	 E0

= 0, E � E0, �36�

where m is the DOS mass in the x−y plane. For a subband
with a DOS mass m�, D�E�=4.19�m� /m0��1014/ �cm2 eV�.
For an electron density of 1�1013/cm2 �approximately cor-
responding to an effective field of 1 MV/cm in state-of-the-
art devices�, �80% of the electrons occupy the �2 valleys
which have a DOS mass of 2�0.19m0. Since confinement
already favors populating �2 valleys, strain-induced electron
repopulation is not significant in modern devices.

The confining potential also restricts the carriers to a thin
layer close to the oxide/semiconductor interface, where they
experience interface scattering, which is not present in bulk
materials. Interface scattering results from two sources: �i�
Coulomb scattering by the fixed charges in the oxide or by
trapped charges at the semiconductor-oxide interface and �ii�

FIG. 9. Diagram of phonon scattering in GaAs valence bands. Due to the
strain splitting, q decreases for scattering to the second band which enhances
the electron-phonon coupling strength and enhances the phonon scattering.
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interface-roughness scattering due to the deviation of the in-
terface from an ideal plane. Interfacial charge scattering, like
impurity scattering, is only dominant at low temperature.
Surface roughness scattering, however, is believed to play an
important role affecting carrier mobility at room temperature.
Because surface roughness scattering is caused by the un-
even charge potential at the interface, it is elastic and scatters
an electron/hole to a state with the same energy. At present,
difficulties remain in treating surface roughness scattering
precisely, but according to the calculations by Fishetti23 and
Sun,97 surface roughness scattering is about one order of
magnitude weaker than phonon scattering at room tempera-
ture in relaxed p-Si channels.

Surface roughness scattering increases with the gate
voltage due to reduced channel thickness �increased confine-
ment� and may decrease with strain according to Fischetti.21

At a fixed gate voltage, applying stress shifts the subbands
and modifies the DOS, which changes both phonon and sur-
face roughness scattering rate. In the next section, we first
discuss the phonon-limited mobility, and then take surface
roughness scattering into consideration as a correction.

VIII. STRAINED N- AND P-CHANNEL MOSFETS

Strain effects in MOSFETs are determined by the coac-
tion of both electric confinement and strain. First, confine-
ment and strain splitting can be additive or subtractive. Sec-
ond, strain alters the in-plane 2D band structures, leading to
changes of both conductivity and DOS effective masses. For
studying the strain effects on MOSFET channels, we need to
concentrate on three aspects of the strain altered subband
structure: �i� the out-of-plane effective mass, which deter-
mines the magnitude of the energy level shift under the ap-
plied gate voltage of the MOSFET; �ii� the conductivity ef-
fective mass along the �110� channel direction; and �iii� the
energy contours in the kx−ky plane, which determines the 2D
DOS for a given subband. In this section, the hole mobility is
first studied, followed by a simple discussion of the electron
mobility.

The valence bands under electric confinement split into
two sets of subbands according to their effective hole masses
along the confinement direction z following Eq. �34�. For Si,
the HH and LH effective masses do not differ significantly
along �001� and thus the confinement splitting between the
two sets of subbands of Si is much smaller than that of Ge
and GaAs, which have a much larger difference between the
HH and LH effective masses. For a confining effective field
of 1 MV/cm, the splitting for Si is �30 meV, compared to
�180 meV for Ge and �145 meV for GaAs. The magnitude
of confinement splitting consequently determines the impor-
tance of interband scattering. Due to the large confinement
splitting and relatively small optical phonon energy, inter-
band scattering is not important in Ge and GaAs.

For biaxial tensile stress, the strain-induced subband
splitting is subtractive to the confinement-induced splitting
because the top band in the �001� direction has a LH-like
character while the second band has a HH-like character as
shown in Fig. 5�b�, and thus the two sets of subbands ap-
proach each other with stress as shown in Fig. 10 �energy

zero taken at the valence band edge�. For Si, due to the small
difference between the HH and LH masses, and reduced net
splitting between the subbands, the conductivity mass and
phonon scattering both increase in the low stress range.
Thus, the hole mobility for Si has an initial degradation with
biaxial tensile stress.28,99 Only after the two sets of subbands
cross over each other and the phonon scattering reduction
dominates due to reduced joint DOS, does the hole mobility
significantly increase. This trend agrees with our theoretical
results99 and experiments by Rim et al.28 Due to the large
confinement splitting and the dramatic in-plane mass de-
crease for the ground subband because of the large HH and
LH mass difference, Ge and GaAs may not have an initial
mobility degradation when applying biaxial tensile stress.
But the stress required to make the two sets of subbands
cross over to offset the confinement splitting is large and
may not be practically feasible.

The drawbacks and difficulties of using biaxial tensile
stress to enhance the hole mobility can be circumvented by
using �110� uniaxial compressive stress. For longitudinal
compression, the top band is HH-like and second band is
LH-like in the �001� direction, and thus the strain and con-
finement splitting are additive as shown in Fig. 10. Addi-
tional strain-induced splitting of the subbands reduces the
phonon scattering. The in-plane mass change with uniaxial
stress is also favorable for hole mobility. With longitudinal
uniaxial compression, the hole effective mass along �110�
becomes smaller than the unstressed LH mass. The hole ef-
fective mass along �110� becomes very large and thus also
ensures a large 2D DOS mass in the ground subband. This
results in more light holes available for current conduction.
A much higher hole mobility enhancement factor is expected
for uniaxial longitudinal compression than in the biaxial ten-
sile stress case and there is no mobility degradation as in the
biaxial stress case at the low stress range for Si.

Next we give a rough estimate for the hole mobility
enhancement factor in the large stress limit. For this, we first
inspect the conductivity mass of the unstressed in-plane HH
and LH subbands of Si. The in-plane HH band is strongly
anisotropic as shown in Fig. 7. The heavy holes are located

FIG. 10. Splitting between the ground states of the two sets of Si valence
subbands vs stress with inversion hole density of 1013/cm2. Energy zero is
taken at the bulk valence band edge. Strain and confinement splitting are
additive for uniaxial compressive stress and are subtractive for biaxial ten-
sile stress.
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in the four wings enclosed by the energy contours. As a
simple approximation, these four wings can be represented
by two partly overlapped ellipses as shown in Fig. 11. The
heavy holes in the two longitudinal wings contribute with the
longitudinal mass and those in the two transverse wings con-
tribute with the transverse mass. For unstrained Si, the holes
are evenly distributed in the two ellipses, the average con-
ductivity mass is mc=2mlmt / �ml+mt�. The longitudinal mass
is 0.61m0 as we already obtained in Fig. 5�a�, and the trans-
verse mass can be obtained by expanding Eq. �17� using the
condition kt�kl, which gives m0 /mt=
1− �7
2

2

−3
3
2� /

2

2+3
3
2, so mt=0.16m0. Therefore, the conductivity

mass for heavy holes in Si is about 0.25m0. This value is also
checked numerically by averaging the contributions to the
mobility of holes inside the energy contour and found to be
very accurate. This method can also be applied to Ge and
GaAs, which gives HH conductivity masses of 0.15m0 and
0.26m0 for Ge and GaAs, respectively. The LH band is close
to isotropic, and the conductivity mass of the light holes can
be represented by the mass along the channel direction, i.e.,
0.15m0, 0.042m0, and 0.081m0 for Si, Ge, and GaAs, respec-
tively. The 2D DOS mass of a subband can be approximately
represented by the corresponding 3D DOS mass.

For estimation convenience, we can neglect the confine-
ment splitting between the HH and LH subbands for hole
mobility of unstressed Si. This approximation is valid for
low electric fields because of weak confinement, and up to an
electric field of 0.6 MV/cm �which corresponds approxi-
mately to a hole density of 1�1013/cm2� because the con-
finement splitting is small and the optical phonon energy is
large for Si. With this approximation, the mobility has con-
tributions from both heavy holes and light holes and the
scattering rate is proportional to the DOS contributed by both
sets of subbands. When the stress-induced splitting is large
enough so that the mobility is dominated by the ground sub-
band, the mobility enhancement factor is

��

�
= � e��

mc�
��� e�

mc
� =

mc

mc�
�

mD

mD�
, �37�

where the primed values represent the stressed parameters.
We can see that in Si the mobility enhancement due to biax-
ial tensile stress results from the scattering reduction
�mD� /mD�1�, and is compromised by the conductivity mass

increase �mc� /mc	1�. By using the effective mass values dis-
cussed above for unstressed Si and assuming in-plane para-
bolic bands for strained Si, the phonon limited hole mobility
enhancement factor at large biaxial stress limit is estimated
to be about 1.8−1.9. This enhancement is close to the calcu-
lations by Takagi et al.,20 Vogelsang et al.,100 and the experi-
ment by Rim et al.28 but less than the 2.5 obtained by some
other authors.27,30,101 For unstressed Ge and GaAs, the
ground subband is HH due to large confinement splitting and
relatively small optical phonon energy, and thus mc and mD

in Eq. �37� are values for the HH band only. Using Eq. �18�
and parameters from Table II, the stressed ground subband
mass values at large stress limit can also be obtained. The
phonon limited hole mobility enhancement factors at large
biaxial tensile stress limit for Ge and GaAs are then about
4.2 and 2.3, respectively.

Under longitudinal uniaxial compressive stress, the top
band along �110� has a large effective mass compared to that
along �110�. At the large stress limit, the contour of the top
band in the energy range of interest in the x-y plane is an
ellipse as discussed previously. Because of the strong band
warping in the x-y plane, the stressed effective masses have a
large deviation from those obtained from Eq. �19�. We cal-
culated the effective mass values at the � point under 1 GPa
uniaxial stress using the 6�6 Hamiltonian and used them to
approximate the effective masses at the large stress limit.
This approximation is justifiable since stress larger than 1
GPa tends to warp the in-plane subbands at higher k and does
not alter the contour a few kBT from the valence band edge.
Using Eq. �37�, the phonon limited hole mobility enhance-
ment factors at the large uniaxial compressive stress limit for
Si, Ge, and GaAs are found to be about 4, 16, and 14, re-
spectively. For Si, this enhancement factor is reasonable even
without considering surface roughness scattering, since the
phonon limited mobility in Si is much lower than surface
roughness limited mobility23,97 and strain effects on hole mo-
bility are dominated by mass change and phonon scattering
reduction. However, since surface roughness in Ge is
stronger102 and the phonon limited mobility is much higher
than in Si, the effect of surface roughness scattering cannot
be neglected. Surface roughness scattering varies according
to the stress-altered joint DOS. The DOS change for Ge is
about four times at large uniaxial stress. The mobility en-
hancement factor limited by both phonon and surface rough-
ness is expected to be significantly smaller than 16. We can
expect the same situation to occur for GaAs channels, be-
cause devices based on compound semiconductors have
poorer interfaces than Si devices. The hole mobility enhance-
ment for Si, Ge, and GaAs pMOSFETs was calculated for
large uniaxial stress by employing the six band k ·p method
and self-consistently solving the Schrödinger-Poisson equa-
tion to find the confining potential. The enhancement factors
as a function of stress are shown in Fig. 12. Surface rough-
ness scattering is taken into account following Ref. 23 with
surface roughness parameters for Ge and GaAs taken to be
the same as for Si. Experimental data from Thompson et al.24

and Wang et al.103 for uniaxially stressed Si are also shown
in Fig. 12. Besides the higher enhancement factor for Ge and
GaAs than Si, it is also important to note that the hole mo-

FIG. 11. The in-plane 2D energy contour for Si HH subbands. The shaded
areas are the two ellipses to represent the enclosed area by energy contours.
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bilities of Ge and GaAs increase steadily with stress up to 4
GPa, while the hole mobility of Si saturates at about 2 GPa.
For the technologically important stresses of 1–2 GPa, Ge
shows similar enhancement as Si. However, the unstressed
hole mobility of Ge is �3� higher than Si.

In summary for pMOSFETs, the mobility enhancement
for biaxial stress is due to the reduction of scattering under
high stress, while for uniaxial stress, the mobility enhance-
ment results from both conductivity mass decrease at low
and moderate stress, and scattering reduction at high stress.
Hole mobility enhancement is more pronounced in semicon-
ductors which have larger differences between the HH and
LH masses. Strain enhanced mobility for state-of-the-art
metal-insulator-semiconductor FET structures which use
high-� gate insulators104,105 will follow the same physics dis-
cussed in this section.

For Si nMOSFETs, in-plane tensile stress �e.g., the biax-
ial tensile and longitudinal tensile stress� leads to additive
strain and confinement splitting. The electron mobility en-
hancement mainly results from the interband scattering sup-
pression due to the large confinement-induced valley split-
ting at normal operation fields. This leads to the
enhancement for Idsat, the drive current at the saturation re-
gion, being approximately the same as that for Idlin, the drive
current in the linear region for short channel Si nMOSFETs,
while for short channel Si pMOSFETs, the enhancement for
Idsat is about 1 /2 as that for Idlin.

106,107 For Ge, both the
electric confinement along �001� and in-plane biaxial stress
do not split the conduction valleys. In contrast, the uniaxial
tensile stress along the �110� will remove the valley degen-
eracy and lowers the two L valleys in the �110� plane per-
pendicular to the stress axis, resulting in electron mobility
enhancement due to electron repopulation. Stress is not ex-
pected to have significant effects on GaAs n-type device mo-
bilities due to the single conduction band degeneracy and

relatively large band gap. For narrow gap direct band mate-
rials such as InAs or InSb, �110� uniaxial compressive stress
may lower the mass along the �110� direction due to band
warping. Our calculation based on an eight-band Kane’s
model108 shows that 1 GPa uniaxial compressive stress re-
duces the electron effective mass for InAs along the �110�
direction by about 10%.

IX. III–V SEMICONDUCTORS: BENCHMARKING
TO STRAINED SI

While strain introduced into Si CMOS technology is one
approach for mobility enhancement, other possible means
include finding new channel materials with high mobility
such as compound semiconductors. III–V high electron mo-
bility transistors109 �HEMTs� and metal-semiconductor field
effect transistors110 �MESFETs� have been studied for de-
cades because of their high electron mobilities compared to
bulk Si and have recently gained renewed industry
interest.111 However, HEMTs or MESFETs are not compat-
ible with the current Si technology and suffer from a low
turn-on voltage and large gate leakage. To date, III–V
MOSFETs for logic applications have had limited success. In
this section, we investigate the properties of compound semi-
conductors relevant to CMOS applications as a potential op-
tion to replace strained Si channel MOSFETs.

Compared to strained Si, most III–V semiconductors
with similar band gaps have electron effective masses that
are several times smaller. The heavy-hole masses are typi-
cally similar, but the light-hole masses are much lighter.
Thus, the hole mobilities of III–V semiconductors and Si are
comparable since the heavy hole dominates p-type semicon-
ductor transport, but the Si electron mobility is several to
tens of times smaller. For comparison, the effective masses
and mobilities for Si, Ge, and several direct gap III–V semi-
conductors are listed in Table III.

Then the question arises: Are III–V channel MOSFETs
the next evolution for the semiconductor industry post-
strained Si?99,112,113 To answer this question, we shall first
assume a surface channel structure since it seems inconceiv-
able that a buried channel device could have adequate short
channel control and drive current to compete with the 20–30
nm gate length Si devices already in production. With this
assumption, we can make side-by-side comparisons between
some promising III–V semiconductors with Si and strained
Si.

The historical issue for III–V materials is the
semiconductor/insulator interface. Unlike the Si/SiO2 inter-
face, which has very low defect densities, III–V semiconduc-
tors do not have a good native oxide, and for a variety of
lab-grown dielectrics, the interface contains a high density of
interfacial states.114–119 Recently, Bell laboratories120–123 and
Freescale124–126 reported a high quality Ga2O3 film on GaAs
with unpinned Fermi level in the surface channel and suc-
cessful enhancement and depletion mode operation of GaAs
MOSFETs.

Assuming the III–V semiconductor/insulator interface is-
sue can be solved, it is still uncertain if III–V channels offer
advantages over strained Si. First, the small electron effec-
tive mass in III–V materials leads to a low DOS and unde-

FIG. 12. Hole mobility enhancement factors of Si, Ge, and GaAs as a
function of stress. The dashed line is the experimental observation of hole
mobility enhancement vs biaxial stress by Rim et al. �see Ref. 28�. Square
points are experimental data by Thompson et al. �see Ref. 24� and Wang et
al. �see Ref. 103�.
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sirable quantum effects.127 Since the conduction band for
direct gap compound semiconductors is approximately
spherical, the DOS mass is approximately equal to the elec-
tron effective mass. The small effective mass in the z direc-
tion results in less confinement leading to the inversion
charge density peaking deeper in the substrate, which re-
duces capacitance. Neglecting gate depletion, the gate ca-
pacitance �per unit area� is approximately given by Cg

=�ox/ teff, where �ox is the permittivity of the oxide, teff= tox

+ tinv is the effective oxide thickness, with tox being the
physical oxide thickness, and tinv the inversion layer thick-
ness contribution, which accounts for the inversion electron
distribution into the substrate. The inversion electron concen-
tration versus depth is shown in Fig. 13 for InSb, InAs,
GaAs, and unstrained and strained Si as computed by solving
the Schrödinger equation and Poisson’s equation self-
consistently. To illustrate the dependence of the charge dis-
tribution on electron effective mass, only the occupation of
the � valley is assumed for the three compound semiconduc-
tors. InSb has the lightest electron effective mass and the
electron distribution in the substrate extends to several hun-
dreds of angstroms, which adds an unacceptably large tinv to
teff. The electron distribution of unstrained Si has contribu-
tions from electrons in both �2 and �4 valleys. The out-of-
plane masses of both the �2 and �4 valleys are much larger
than that of GaAs, which has the heaviest electron effective
mass among the three III-V semiconductors shown in Fig.
13, and thus the electron distribution in Si is much closer to

the surface. Strain further populates the �2 valley with larger
out-of-plane mass, leading to greater confinement.

A low DOS and small confinement mass has significant
performance issues for inversion MOSFETs. Both degrade
the transconductance gm=W�CgVD /L�� / teff by requiring a
larger gate voltage-swing to change the charge density,127,128

where W, L, VD, � are the device width, channel length,
drain voltage, and channel mobility, respectively. For ex-
ample, for an inversion charge density of 1013/cm2, the
Fermi energy is over 1 eV above the conduction band edge
for InSb and InAs, but only 0.26 eV for Si, as illustrated in
Fig. 14. The transconductance is approximately proportional
to DOS and mobility as given by

gm =
dId

dVg
�

dne�

dVg
� �

dne

dVg
� �

dmDEF

dVg
� �mD. �38�

The normalized nMOSFET transconductances are
shown in Table III. From the table, it is apparent that no
III–V materials exceed the transconductance of strained Si.

The second issue for III–V semiconductors is the poten-
tial for electron population in low mobility valleys. At a high
channel charge density �e.g., 	1013/cm2� which is typical
for state-of-the-art Si technology, the high Fermi energy in
III–V channels resulting from the low DOS in the � valley
and large shift of the � valley with confinement causes the
occupation of energetically close conduction valleys which
are usually characterized by lower electron mobilities. For

TABLE III. Band and transport parameters for Si, Ge, and some III–V semiconductors.

Eg

�eV� mn

�n

�cm2/V s� mhh/mlh

�h

�cm2/V s�
gmn

�Norm.�
�E�L

c

�eV� ml /mt�L� c

Si 1.12 0.92/0.19 1450 0.53/0.15 500 1 ¯ ¯

Ge 0.67 1.59/0.082 3900 0.33/0.043 2270 0.92 ¯ ¯

InSb 0.17 0.014 7.7�104 0.45/0.016 850 1.9 0.51 1.56/0.094
InAs 0.35 0.024 2−3.3�104 0.41/0.026 100–450 1.29 0.72 1.56/0.094
GaSb 0.73 0.041 3750 0.40/0.05 680 0.28 0.084 0.95/0.11
InP 1.34 0.08 5370 0.6/0.089 150 0.77 0.59 1.9/0.15
GaAs 1.42 0.063 9200 0.5/0.076 400 1.03 0.29 1.9/0.075
Strained Si 1.08 ¯ 2900a

¯ 2200b 2 ¯ ¯

aSee Ref. 26.
bSee Ref. 99.
cThese two columns list the L valley data for selected III–V semiconductors. The other data in the table are
taken from Refs. 134 and 135.

FIG. 13. Electron concentration as a function of the depth into the substrate
from the channel surface for Si, GaAs, InAs, and InSb.

FIG. 14. Band bending for InSb and Si for the same inversion electron
density of 1013/cm2. The subscript letter “g” labels the ground subband for
each conduction valley.
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GaAs, the electron effective mass in the � valley is about
0.063m0 and �E�L, which is the valley splitting between �
and L, is about 0.29 eV. Under electric confinement, due to
the fact that the energy level shift is inversely proportional to
mz

1/3, and mz in the L valley is larger, the energy subbands
originating from the � valley shift more than the subbands
originating from the L valley. Thus, the two sets of subbands
become closer. Due to the small DOS mass in the � valley,
the occupation of the L valley becomes highly probable. The
large mass in the L valley increases the electron effective
mass and at the same time greatly enhances intravalley and
intervalley phonon scattering. Therefore, the electron mobil-
ity is expected to be pronouncedly lowered at high inversion
charge density. This situation can be schematically shown in
Fig. 15 for GaAs where the electron ground state is calcu-
lated using the triangular well potential approximation. The
Fermi energy is above the ground subband of the L valley,
resulting in significant occupation of the L valley.

The third issue is the strong nonparabolicity present es-
pecially in narrow gap semiconductors such as InSb and
InAs, which have extremely small electron masses and high
electron mobilities. The nonparabolicity of the conduction
band is due to the interaction between the conduction and
valence bands caused by the energetic proximity. Away from
the � point, the effective mass increases greatly with energy.
When the device size is small and the charge density is high,
the nonparabolicity-induced effective mass increase is sig-
nificant. The nonparabolicity is inversely proportional to the
band gap and can be described by one single parameter �,
namely, �2k2 /2m�=E�1+�E�. The parameter � used in the
literature for GaAs and Si are both about 0.5 eV−1,130–132 but
for InSb, �=4.1 eV−1.133–135 The nonparabolic conduction
band of InSb is shown in Fig. 16 together with the parabolic
approximation for comparison. The nonparabolocity effect
reduces the electron mobility compared to the values listed in
Table III which only considers the electron occupation at the
band edge.

The electron conductivity mass versus inversion layer
electron density is shown in Fig. 17 for InSb, InAs, GaAs,
unstressed Si, and 1 GPa biaxial tensile stressed Si. For the

three compound semiconductors, the occupation of the L val-
leys is also considered. For low doped Si, the variation of the
conductivity mass with inversion electron density results
from the two types of conduction valleys �in-plane and out-
of-plane valleys�. With 1 GPa biaxial tensile stress, the in-
version charge mostly occupies the out-of-plane valleys
which are characterized by lower, nearly constant conductiv-
ity mass in the channel direction. In contrast, InSb, InAs, and
GaAs all show increases of conductivity masses with inver-
sion electron density. This increase of conductivity mass re-
sults from the stronger nonparabolicity and the occupation of
higher conduction valleys. In InSb and InAs, the
nonparabolocity-induced conductivity mass increase contrib-
utes greatly, while for GaAs, the increase mainly comes from
the L-valley occupation.

The fourth issue is the leakage current in narrow gap
semiconductor MOSFETs where subthreshold leakage and
the band-to-band tunneling �BTBT� will ultimately limit the
minimum device size, which, for many applications, is the
dominant metric since this directly affects cost per transistor.

FIG. 15. GaAs band structure reproduced after Che-
likowsky and Cohen �see Ref. 129� and the diagrams of
the conduction band � valley and L valley, with the
diagram showing the ground states for � valley and L
valley under an electric field of 1 MV/cm. Occupation
of electrons in the L valley is considerable.

FIG. 16. Nonparabolic conduction band for InSb with parameter �
=4.1 eV−1 and the parabolic conduction band with effective mass m
=0.014m0.
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The off-state minority carrier density is approximately given
by noff=Ne−Eg/kBT where N is the effective DOS. For
MOSFETs with large band gap channel materials, the
off-state minority carrier density is sufficiently low, but
MOSFETs with narrow band gap channel materials such as
InSb have a high minority carrier density in the off-state,
which leads to large subthreshold leakage. The low source-
to-drain barrier in narrow gap channels also enhances the
source to drain direct tunneling �“I” in Fig. 18�, further in-
creasing the off-state leakage current.

In addition to the direct tunneling, two types of BTBT
are also important. One is from the source to the drain �“II”
in Fig. 18�, and the other is from drain to substrate �“III” in
Fig. 18�. The BTBT effect is not significant for wide gap
materials due to the tunneling probability dependence on the
band gap and electron effective mass136,137 �generally the
smaller the band gap, the smaller the electron effective
mass�, but is severe for narrow gap semiconductors. The in-
vestigation by Pethe et al.138revealed that the BTBT currents
from source to drain for InSb and InAs channel nMOSFETs
are 104−105 times larger than Si nMOSFETs.138 One pos-
sible structure to reduce the BTBT leakage is depicted in Fig.
19, where a thin layer of a narrow gap material is grown on
a relatively large gap material to construct a composite
channel.139 The narrow gap layer is undoped to minimize the
impurity scattering. Since the inversion charge is strongly
confined to the surface, with the band offset further enhanc-

ing the confinement, most charge resides in the narrow gap
layer. This reduces the band bending in the narrow gap layer.
Due to the reduction of the junction area of the drain with the
narrow gap material, the drain to substrate BTBT tunneling
is greatly reduced. This structure with strained-Ge/Si com-
posite channel has been verified by Monte Carlo simulations
to have 	3.5� mobility enhancement and 10� BTBT
reduction.139 However, the major drawback of this structure
is the integration complexity, and defects or dislocations
from the heteroepitaxy, which will likely impact yield, per-
formance, or reliability.

Based on the earlier issues and discussions in Secs. VI
and VIII, strain is not an effective means to improve the
electron mobility in direct gap III–V nMOSFETs. For III–V
channel pMOSFETs, strain needs to be employed to make
III–V materials competitive with strained Si. When strain is
employed, it further changes the device leakage. Strain ef-
fects on leakage need to be considered due to the key impor-
tance of leakage on power dissipation.

X. STRAIN EFFECTS ON LEAKAGE CURRENT

Various leakage mechanisms contribute to the total leak-
age, with important components being subthreshold, gate ox-
ide tunneling, gate induced drain, and reverse biased junction
BTBT leakage. Strain alters the properties of current leakage
due to the following effects: �i� strain-induced subband shift
and realignment; �ii� strain-induced band warping; �iii�
strain-induced band gap change; and �iv� strain effects on the
oxide. Strain-induced subband shift changes the potential
barrier between the oxide and semiconductor, and the sub-
band realignment and warping changes the DOS and charge
repopulation, modifying the joint DOS of the tunneling pro-
cess. Band warping also varies the effective mass for tunnel-
ing, and thus alters the tunneling probability. Due to the dif-
ferent shift of conduction and valence bands by strain �both
hydrostatic and shear�, the strained semiconductor band gap
is altered, which leads to a shift of the intrinsic Fermi level
and carrier density, and to a threshold voltage shift. Tunnel-
ing processes dependent on the band gap such as BTBT are
also altered. Except for biaxial stress which is introduced via
the substrate and only strains the channel, process-induced
uniaxial stress strains the channel, gate electrode, and insu-
lator. Strain-induced changes of the gate insulator include the
shift of the insulator conduction and valence bands and also
the variation of the insulator layer thickness. To simplify the

FIG. 17. Electron conductivity mass as a function of the inversion layer
charge density for Si, InSb, InAs, and GaAs. Both nonparabolicity and oc-
cupation of the L valleys are considered for the three compound
semiconductors.

FIG. 18. Electron tunneling mechanisms important in narrow gap channels.
“I” labels the source to drain direct tunneling, “II” labels the source to drain
BTBT process, and “III” labels the drain to substrate BTBT process.

FIG. 19. A possible MOSFET structure that uses composite channel to
enhance the mobility and reduce the BTBT current.
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discussion, strain effects on the gate insulator are neglected,
in order to concentrate on strain induced changes to semi-
conductors.

Because the nMOSFET confines the electrons and the
pMOSFET confines holes, the conduction and valence sub-
band shifts need to be considered separately. For Si
nMOSFETs, under in-plane biaxial and uniaxial tensile
stress, confinement splits the �2 and �4 valleys which shift
differently under stress with the �2 valleys descending and
�4 valleys rising which are shown in Fig. 20 �the bulk con-
duction band edge taken to be at zero energy�. The energies
of the top two hole subbands of Si under biaxial tensile and
longitudinal uniaxial compressive stress are shown in Fig.
10. The relative ordering of the subbands �e.g., HH or LH
character� can be distinguished by detailed investigation de-
scribed in previous sections. The ground subband shifts up
and the second subband shifts down under uniaxial compres-
sive stress, while under biaxial tensile stress, the ground sub-
band shifts down and second subband shifts up.

The qualitative band gap shift with stress can be ob-
tained from Figs. 1�b� and 2�b� or by inspecting both the
conduction and valence band shift from Figs. 10 and 20. The
bulk band gap change with stress for Si, Ge, and several
III–V semiconductors is shown in Fig. 21 where in-plane
biaxial tensile and longitudinal uniaxial compressive stress
are considered. Uniaxial compressive stress decreases the
band gap slightly, while biaxial tensile stress is seen to re-
duce the band gap greatly for all semiconductors shown.

With the knowledge of the subband shift and band gap
change with stress, the effects of stress on current leakage
can be predicted and understood. First, we inspect the gate
oxide tunneling. With the increasing splitting and descending
shift of the �2 valleys in Si nMOSFETs, the barrier height
increases. Furthermore, the increased population in the �2

valley increases the average mz. Since the tunneling prob-
ability decreases exponentially with the square root of barrier
height55 and also decreases with mz, tensile stress reduces the
gate oxide tunneling leakage current.43 The tunneling for
strained Si pMOSFETs is more complicated because the top
two subbands are close to each other. However, the down-
ward shift of the ground subband with the biaxial tensile
stress will increase gate leakage. Yang et al.91 studied the
tunneling current dependence on stress for Si pMOSFETs,
with full consideration of the charge occupation and carrier
lifetime in each subband, and found that the gate oxide tun-
neling current increases for biaxial tensile stress and de-
creases for uniaxial compressive stress. The magnitude of
tunneling current changes for both biaxial and uniaxial stress
is typically small, being �5% for 300 MPa stress.

The threshold voltage is also altered by stress due to
changes to the semiconductor band gap and is important to
account for in performance benchmarking.53 The band gap
change causes both the extrinsic and intrinsic Fermi levels to
shift. This shift is approximately proportional to the band gap
change as is the threshold voltage change. The DOS change
in both the conduction and valence bands also affects the
Fermi energy and this also shifts the threshold voltage, but
this is a smaller effect. The threshold voltage shifts for
uniaxial and biaxial tensile-stressed Si nMOSFETs have
been investigated by Lim et al.53 who found that the thresh-
old voltage shift induced by uniaxial is significantly smaller
than that by biaxial stress, which is consistent with Fig. 21.

The BTBT current change by strain comes from both the
band gap change and the effective mass change. From
Kane’s model, the leakage current density can be expressed
as140

JBTBT =

2me3FVapp


Eg4�3�2
exp�−

4
2mEg
3

3�eF
� , �39�

where m is the effective mass of electron, Eg is the band gap,
Vapp is the applied reverse bias between drain and substrate,
and F is the electric field at the junction. For process-induced
stress, it is reasonable to assume that both sides of the drain/
substrate junction are strained. If we only consider the band
gap change, then for Si pMOSFETs under 2 GPa biaxial
tensile stress, the band gap reduction is about 0.25 eV, which
induces a leakage current increase of about 106 times, ap-
proximating the effective mass as 0.3m0, and assuming a
doping density for both drain and substrate of 1018/cm3 and
junction electric field of 1 MV/cm. This increase is very
large and undesirable. However, the band gap reduction for 2
GPa uniaxial compression is about 0.05 eV and the BTBT
leakage current increases by about only 20 times.

FIG. 20. Si conduction band valley splitting vs stress.

FIG. 21. Band gap change vs stress for Si, Ge, GaAs, InAs, and InSb.
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XI. CONCLUSION

In conclusion, physical insight of strain effects on
MOSFET mobility may be gained from a combination of
symmetry, tight-binding, and k ·p considerations. In-plane
tensile stresses, including both biaxial and longitudinal ten-
sile stress, are suitable for Si nMOSFET mobility enhance-
ment, while uniaxial longitudinal compressive stress is favor-
able to improve pMOSFET performance. The uniaxial
longitudinal compressive stress creates both a small conduc-
tivity mass and a large 2D DOS mass which is also important
to populate the carriers in the ground subband. The hole
mobility enhancement by uniaxial longitudinal stress is
larger in semiconductors which have a greater difference be-
tween the HH and LH masses. For Si, the estimated maxi-
mum hole mobility enhancement factor is about 4.5, but for
Ge and GaAs, this number is both around 10. The leakage
induced by stress limits the application of stress in small
devices. Biaxial tensile stress induces much greater BTBT
leakage than uniaxial compressive stress, posing a severe
problem for application in scaled devices. Considering the
inversion layer confinement, low DOS, and large leakage in
III–V channel materials, III–V materials face obstacles to
overtake strained Si in high density and high performance
logic circuit applications.
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