IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 6, NO. 1, JANUARY 2007

97

Electron Mobility Model for 110 Stressed Silicon
Including Strain-Dependent Mass
Siddhartha Dhar, Student Member, IEEE, Enzo Ungersböck, Hans Kosina, Member, IEEE,
Tibor Grasser, Senior Member, IEEE, and Siegfried Selberherr, Fellow, IEEE

Abstract—Stress-induced enhancement of electron mobility has
primarily been attributed to the splitting of the conduction band
minima. However, experiments have indicated that the mobility enhancement cannot solely be attributed to this effect, and a recent
study has shown that stress along the 110 direction leads to a
change of the effective mass. This work investigates the effect of
the variation of the effective mass with stress along the 110 direction on the electron mobility. An improved low-field mobility
model incorporating the effective mass change is presented.
Index Terms—Effective mass, low-field mobility, mobility model,
uniaxial stress/strain.

I. INTRODUCTION
GGRESSIVE scaling of device structures and the related
performance gain in the last 20 years is increasingly difficult to be continued at the same pace. High mobility channel
materials such as strained silicon with novel layout and device
geometries are being increasingly sought after. In this regard the
application of process-induced uniaxial stress along different
channel directions seems to be technologically more promising
and relevant than biaxial strain. Especially applying uniaxial
stress along the 110 channel direction is beneficial for both
electrons and holes. It has long been assumed that stress-induced
enhancement of the electron mobility is due to the lifting of the
conduction band valleys with negligible
degeneracy of the
change in the electron effective masses. However, experiments
[1], [2] have indicated that the mobility enhancement cannot
solely be attributed to the former effect, and a recent study has
shown that a stress along the 110 direction leads to a change
of the effective mass [3].
In this paper we present an improved low-field bulk electron
mobility model for strained silicon. The model takes into account the effect of the variation of the effective mass with stress
along the 110 direction on the electron mobility. Monte Carlo
(MC) simulations were performed and the presented model is
calibrated to the simulation results. The model is suitable for
implementation in conventional device simulators.

(EPM) [4]. For stress along the 110 direction, the effect of
the internal displacement of the atoms [5], [6] has been taken
into account in the band structure calculations. The effective
-valleys and the fourfold
masses for the twofold degenerate
degenerate
-valleys were extracted from the curvature of the
energy bands at the conduction band minima.
B. Mobility Modeling
The mobility tensor for a stress along 110 can be calculated
using the methodology proposed in [7]. The model in [7] calfor the th valley in strained
culates the electron mobility
silicon as a product of a scalar mobility and the scaled inverse
mass tensor

A

II. MODELING
A. Strain Effects on Band Structure
The effect of stress on the band structure of silicon has been
calculated using the empirical nonlocal pseudopotential method
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(1)
Here
denotes the scaled effective mass tensor for the
th valley in silicon and
.
and
denote
the transversal and conductivity masses in silicon and is an
adjustable mobility enhancement factor. Details of the other
variables used can be found in [7]. Equation (1) can be used
to calculate the total mobility tensor for electrons in strained
and the
silicon as a function of doping concentration
strain-induced valley splitting
. The tensor in (1) is given
in the principal coordinate system. The total mobility tensor is
with
then computed by taking the weighted average of
the corresponding electron concentration
in the th pair of
valleys in strained silicon
(2)

(3)
1) Scalar Mobility: The scalar mobility depends on the
strain-induced valley splitting . From band structure calculations a shear deformation potential
of 9.3 eV was extracted.
This value can be used to calculate the strain-induced valley
splitting for biaxially strained and uniaxially stressed silicon
using linear deformation potential theory [8]. The components
of the strain tensor needed to evaluate
for the case of uniaxial stress of magnitude applied along a general direction
can be obtained as follows.
We adopt a coordinate system
in which the stress
tensor has only one nonzero component
. This system
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Fig. 1. Effect of biaxial tensile strain and uniaxial h110i tensile stress on valley
splitting. The strain component in the stressed direction is plotted.

is related to the coordinate system
of the primary crystallographic axes of the semiconductor by a rotation

Fig. 2. Effect of uniaxial h110i and biaxial tensile strain on the transversal
-valleys in silicon for two different values of
and longitudinal masses of the
: and : ).
internal strain parameter (

1
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(4)
The angles and are the polar and azimuthal angles of the
stress direction relative to the coordinate system
.
Using the relationship between coordinate systems for tensors,
the stress in the principal system can be calculated from
(5)
The strain components can be calculated by inversion of Hook’s
law
, where
denotes the elastic compliance
tensor and
the strain tensor. Using the above relations the
strain for uniaxial stress of magnitude applied along [110]
reads in the principal coordinate system as
(6)
Here,
, and
are the three independent compliance
constants of a semiconductor with cubic symmetry. Strain from
can be obtained by applying the
stress in general directions
proper coordinate transformation in (4). Fig. 1 shows the splitting,
for biaxially strained and uniaxially stressed silicon. It
is observed that biaxial tension is more effective in splitting the
conduction band valleys than 110 uniaxial tension.
2) Effective Mass Variation: The model in [7] assumes constant values for
and
in silicon. Band structure calculations show that for a uniaxial tensile stress along 110 , the
twofold degenerate -valleys which are lowered in energy, experience a change in the effective masses. Fig. 2 depicts the variation of the in-plane masses parallel
and perpendicular
to the stress, and the longitudinal
masses for the
-valleys as a function of the strain for different values of the
internal displacement parameter . It can be seen that there is
a significant change in
for increasing strain along 110 .

)

( )

(

)

Fig. 3. Parallel ( , perpendicular  , and out-of-plane 
mobility
components as a function of tensile strain along [110] direction for two different
values of internal displacement parameter (
and : ).
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This variation of the effective masses has been parameterized
using

(7)
Here denotes the magnitude of uniaxial tensile stress along
110 in units of GPa. Fig. 3 shows how the variation of the
effective masses translates into a mobility variation. The mobilities in Fig. 3 were calculated using MC simulations [9] taking
into account the effective mass changes. An efficient zero-field
algorithm [10] has been employed in the MC simulations for es-
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Fig. 4. Variation of the in-plane mobility with in-plane angle for 1.5 GPa uniaxial h100i and h110i tensile stress.—?: h110i without mass correction;——:
h110i with mass correction;—: 1.5 GPa uniaxial tensile h100i stress.
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Fig. 6. Comparison of parallel ( ), perpendicular ( ), and out-of-plane
) electron mobility components obtained from the MC simulations (sym(
bols) and the analytical model (lines) for uniaxial h110i tensile strained silicon.

3) Inverse Mass Tensor: The model in [7] has been extended
to account for the variation of the effective mass of the
-valleys with uniaxial tensile stress. Consider the energy dispersion
relation for stress along the 110 direction
(8)
The wave vectors
and
can be expressed in terms of
wave vectors in the principal coordinate (x, y, and z) system as
(9)
Substituting (9) into (8) yields

(10)
From (10) the scaled inverse mass tensor can be found
Fig. 5. Comparison of parallel ( ), perpendicular ( ), and out-of-plane
) electron mobility components obtained from the MC simulations (sym(
bols) and the analytical model (lines) for uniaxial h110i compressively strained
silicon. Here m = m .

timating the low-field mobilities. As can be seen from the figure,
the direction of stress leads to a pronounced anisotropy of the
mobility in the transport plane. In Fig. 4 the anisotropy of the
mobility is compared for 110 and 100 stress directions with
and without the change in effective masses. The internal strain
parameter was set to 0.53 according to the theoretical calculacannot
tions [11]. It can be clearly seen from the figure that
be neglected for 110 uniaxial stress. For uniaxial compression,
however, there is a negligible change in the effective masses of
the lowered fourfold degenerate
-valleys.

(11)

(12)
(13)
The mobility tensor in (1) calculated using
thus becomes
nondiagonal in the principal coordinate system. The mobility
along the two in-plane ([110] and
) and perpendicular
([001]) directions is obtained by taking a projection of the total
mobility tensor (2) in the direction of the in-plane and perpendicular vectors. Fig. 5 shows a comparison of the variation of
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the electron mobility components with increasing compressive
stress as obtained from MC simulations and the analytical
model. Since the effective masses do not change under compressive stress, two components of mobility are identical. Three
different components of the mobility appear for the case when
uniaxial tensile stress is applied along the 110 direction. This
can be seen in Fig. 6. Our model shows good agreement with
the MC simulation results.
III. CONCLUSION
It can be concluded that the mobility enhancement does not
arise solely from strain-induced valley splitting but also from the
variation in the effective masses. An improved analytical model
has been presented to describe the anisotropy of the electron mobility in 110 stressed silicon. The model includes the variation
of the effective masses with stress as well as the effect of reduction of intervalley scattering due to valley splitting, and doping
and temperature dependence. Results obtained from the model
show excellent agreement with MC simulations. The model is
appropriate for implementation in TCAD simulators.
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