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Abstract—The application of mechanical stress to enhance the
carrier mobility in silicon has been well established in the last
few years. This paper probes into the electron conduction in
biaxially and uniaxially stressed silicon in the nonlinear transport
regime. The electron behavior has been analyzed for different
field directions and stress/strain conditions using full-band Monte
Carlo simulations. An analytical model describing the velocity
components parallel and perpendicular to the electric field has
been developed. The model includes the effect of strain induced
valley splitting and can be applied for arbitrary directions of the
electric field. The extension to different field directions has been
performed using a Fourier series interpolation and a spherical
harmonics interpolation for transport in two and three dimen-
sions, respectively. The model can be implemented in a drift-
diffusion-based device simulator.

Index Terms—Device simulation, full-band Monte Carlo sim-
ulation, high-field electron mobility, strained-silicon, technology
computer-aided design (TCAD).

I. INTRODUCTION

UNIAXIALLY stressed silicon, offering larger electron
and hole mobilities [1], [2] compared to conventional

silicon is becoming increasingly accepted by the semiconductor
manufacturing industry. Stress causes a deviation of the silicon
lattice constant from its equilibrium value, thereby modifying
the electronic band structure. Mechanical stress in silicon can
be generated either globally, by growing an epitaxial layer on a
relaxed SiGe substrate [3]–[5], by mechanical deformation [6],
[7], or induced during the processing steps [2], [8]. Biaxially
strained-silicon layers grown on relaxed SiGe substrates have
shown large enhancements of electron mobility. This method
however suffers from several integration issues. There has thus
been a growing interest in uniaxially strained-silicon, which
delivers superior mobilities for both electrons and holes.

Strain induced enhancement of the low-field electron mobil-
ity can be attributed to two concurring effects. First, intervalley
phonon scattering is reduced due to a decreased number of
final available states. Second, due to the energy lowering of
the ∆2 valleys, the electrons prefer to occupy this valley and
therefore experience a lower in-plane conductivity effective
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mass. While biaxial tensile strain delivers an energy splitting
of around 60 meV per 10% Ge content, uniaxial stress results
in around 90 meV of splitting per 1 GPa stress. A model
for the low-field electron mobility in strained-silicon has been
proposed in [9]. It describes the mobility tensor in strained-
silicon layers as a function of the strain. The model includes
the effect of strain-induced splitting of the conduction band
valleys in silicon, intervalley scattering, doping dependence,
and temperature dependence.

We present a systematic study of the electron high-field
transport in silicon under biaxial and uniaxial stress conditions
using full-band Monte Carlo (MC) simulations. A strain de-
pendent empirical model describing the velocity vector as a
function of the magnitude and direction of the electric field is
presented. The goal of this work is an analytical description
of the velocity field characteristics at high electric field. To
obtain a complete mobility model for device simulation, this
high-field behavior has to be combined with mobility models
incorporating the effects dominant at low driving field, such
as impurity scattering and surface roughness scattering. This
approach, sometimes referred to as the onion model, starts with
a proper expression for the lattice mobility, and adds then the
effects of impurity scattering, surface scattering, and finally
velocity saturation. Using this notion, the presented high-field
model can be combined with any low-field model incorporating
the aforementioned scattering effects. Note that effects such
as surface scattering and velocity saturation are dominant in
different device regions. Surface roughness scattering is most
effective for carriers confined in a channel, where the driving
field is low. On the other hand, high driving fields occur in
the pinch-off region, where carriers are no longer quantized in
subbands, but behave bulk like. Indeed, the transition region of
moderate driving fields, where a significant fraction of carriers
is still quantized and already moderate carrier heating takes
place, the error of this onion-type model may be somewhat
higher than in the low-field and high-field limits.

II. HIGH-FIELD ELECTRON TRANSPORT IN

STRAINED SILICON

The velocity-field characteristics needed for the development
of the analytical model have been obtained by full-band MC
simulations using Vienna Monte Carlo (VMC) [10]. The MC
simulator VMC [10], including full-band and analytical band
models, allows the simulation of carrier transport in strained-
silicon on SiGe with recent extensions considering strain effects
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TABLE I
COUPLING CONSTANTS FOR INTERVALLEY SCATTERING

IN SILICON IN [108 eV/cm]

Fig. 1. Comparison of electron velocity versus field characteristics in un-
strained and strained (�) Si on Si0.7Ge0.3 for [100]/[111] field directions.

arising from uniaxial stress along arbitrary directions. In this
section, some peculiarities of the velocity-field characteristics
in strained-silicon are discussed.

The band structure for strained-silicon was calculated us-
ing the empirical pseudopotential method [11]. Full-band MC
simulations have been performed and the results calibrated
with the existing theoretical and experimental data. It has been
previously reported that the enhancement of the bulk low-
field electron mobility saturates at around 1.7 [9]. In order to
maintain the desired mobility enhancement, the g-type coupling
constants had to be decreased by 6% and the f-type coupling
constant increased by 16%, as compared to the original values
proposed by Jacoboni [12]. The final values used are shown
in Table I. In addition, it was required to adjust the acoustic
deformation potential from its original value of 8.9 [13] to
8.5 eV. The effect of impact ionization has been neglected for
the field regime investigated. Fig. 1 presents the velocity-field
characteristics for unstrained and strained-silicon for different
field directions as obtained from MC simulations. Also dis-
played are the results from Bufler et al. [14], Canali et al. [15],
Smith et al. [16], Fischer and Hofmann [17], and Ismail et al.
[18]. The simulation results agree well with measured data from
Smith for the [111] field direction and with Canali for the [100]
field direction for the unstrained case and with Jungemann and
Meinerzhagen [13], Bufler, and Ismail for the strained case.

Fig. 2 depicts the velocity-field characteristics as obtained
from MC simulations for biaxially strained-silicon grown on
a relaxed SiGe substrate for different Ge content and field
along the in-plane ([100]) and out-of-plane ([001]) direction,
respectively. The total velocity increases with strain for a field
along the [100] direction and it decreases for a field along
the [001] direction. For the in-plane electric field ([100]) the

Fig. 2. Electron velocity in strained-silicon on SiGe with Ge content as a
parameter for field along [100] and [001] directions.

Fig. 3. Asymmetric electron populations of the double valley close to the
equilibrium state (top) and at high field (bottom). Solid circles indicate elec-
trons with positive group velocity (right side of each valley). Open circles refer
to electrons with negative group velocity (left side of each valley).

electron velocity shows a region of small negative differential
mobility. The velocity-field characteristics for field along [001]
direction exhibit an untypical form for high strain levels. This
phenomenon can be explained by the repopulation of valleys
induced by the field.

For field along [001] direction the ∆2 valleys are lowered in
energy with increasing strain and have the longitudinal mass in
the field direction. These valleys are located at a scaled distance
of 0.85 and 1.15 from the center of the first Brillouin zone and
are separated by an energy barrier of 129 meV at the X-point
(Fig. 3). The average velocity in the left and right valley and
also the average of these velocities are shown in Fig. 4. For
low fields, electrons in both valleys are slightly displaced with
respect to the valley minima. This results in the initial velocity
increase for both valleys shown in Fig. 4. However, as the field
increases, electrons in both valleys gain energy, and electrons
from one valley can surpass the energy barrier and drift to the
valley in the next Brillouin zone. As sketched in Fig. 3, there are
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Fig. 4. Velocity versus field for left valley and right valley together with the
average valley velocity, computed as explained in the text.

more electrons populating the right side of the double valley
than the left side, giving rise to a slight increase in average
velocity. If only the left valley is considered, there are more
electrons populating the left edge of the single valley resulting
in a negative valley velocity, as shown in Fig. 4.

III. ANALYTICAL HIGH FIELD VELOCITY MODEL

In general, the high field mobility is modeled differently
for the drift-diffusion and the hydrodynamic transport model.
In the former case, mobility is modeled as a function of the
driving force, whereas in the latter case a dependence on the
carrier temperature is usually assumed. To describe nonlocal
transport effects occurring in aggressively scaled devices a
mobility model for the hydrodynamic framework would be
desirable. Such a model could include a three-valley band
structure and deal with arbitrary strain conditions. It would
capture the essential physics of multivalley transport under a
spatially rapidly varying electric field profile. However, one
problem is complexity. A nonlinear system of nine unknowns,
namely the valley populations, valley velocities, and valley
temperatures, has to be solved numerically. The peculiar shape
of the v(E) curves for field along [001] direction would pose
an additional problem, requiring some empirical fitting. The
strain and carrier temperature dependence for each valley would
require careful modeling in order to obtain realistic carrier
temperatures and, consequently, realistic valley population. In
the past, multivalley transport models have also been devised
for compound semiconductors [19]. As a matter of fact, it
seems that such multivalley transport models with separate
carrier gases for each valley have never found application in
commercial or academic device simulators.

To find a tradeoff between physical rigor and an acceptable
level of model complexity we abstained from the multival-
ley approach and pursued a more empirical approach, where
analytical expressions for the velocity-field characteristics are
directly fitted to bulk MC data. Our model is restricted to such

strain conditions where only one pair of X-valleys is shifted
and four valleys remain degenerate. These conditions include
biaxial stress and uniaxial stress applied along the {100} axes
of silicon. Another condition resulting in a separation of the
∆2 and ∆4 valleys is uniaxial stress in the {110} direction. De-
pending on the stress applied, the strain tensor can be calculated
using Hook’s law and the strain-induced valley splitting can be
obtained from linear deformation potential theory [20].

∆ε(i) = Ξd(ε11 + ε22 + ε33) + Ξuεii, i = 1, 2, 3 (1)

The values of the deformation potentials Ξd and Ξu have been
identified as 1.1 and 9.29 eV, respectively. The value of Ξu

has been extracted from the numerical band structure data.
Equation (1) shows that the valley splitting depends only on the
diagonal elements of the strain tensor. The proposed mobility
model is thus applicable, if two diagonal elements are equal,
ε11 = ε22 �= ε33.

To develop a clear understanding of the model, we have to
consider three different coordinate systems.

1) The principal coordinate system has to be oriented such
that the unit vectors �e1, �e2, and �e3 correspond to the [100],
[010], and [001] crystallographic directions, respectively.
In this system the ∆4 valleys are aligned along the [100]
and [010] directions, whereas the ∆2 valleys are aligned
along the [001] direction.

2) The unit vectors �ex, �ey , and �ez constitute the device
coordinate system. In this system, the device geometry is
defined. For performing device simulations it is essential
to transform all transport parameters into this coordinate
system.

3) A polar coordinate system is employed, comprising a unit
vector along the field direction, �eE = �E/|E|, and two
orthogonal vectors �eθ and �eϕ. The polar axis is aligned
with the [001] direction. In terms of the polar angle θ
and the in-plane (azimuth) angle ϕ, the unit vectors are
defined as follows:

�eE =


 sin(θ) cos(ϕ)

sin(θ) sin(ϕ)
cos(θ)


 , �eθ =

∂�eE

∂θ
, �eϕ =

1
sin(θ)

∂�eE

∂ϕ.

(2)

A. Parallel Velocity Model

A widely used model describing the electron high field
behavior in unstrained-silicon has been adopted [21]:

vE =
2µ0E

1 +
[

1 +
(

2µ0E
vs

)β
]1/β

.

(3)

Here, µ0 denotes the low field mobility and vs the saturation
velocity. The parameter β describes the transition from low to
high fields. Although (3) can describe the high field behavior in
unstrained-silicon, it can neither account for the small negative
differential mobility nor the velocity plateau seen in strained-
silicon (Fig. 2). We thus use an expression previously suggested
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TABLE II
PARAMETER VALUES FOR THE PARALLEL VELOCITY COMPONENT

vE IN UNSTRAINED SILICON

in [22], which can handle all types of velocity-field characteris-
tics resulting from the MC simulations performed:

vE =
2µEEE

1 +
[

1 +
(

2µEEE
vs(1−ξ)

)β
]1/β

+ vsξ
(E/η)γ

1 + (E/η)γ
. (4)

Here, µEE denotes the low-field mobility in the field direc-
tion, obtained by projection of the low-field mobility tensor
as µEE = �eT

E · µ0 · �eE . �eT
E denotes the transpose of �eE . The

additional term incorporated in (4) models the velocity kink
shown in Fig. 2. The relevance of the parameter ξ is twofold:
It accounts for the velocity plateau occurring approximately
at vs(1 − ξ) and also signifies the small negative differential
mobility occurring in strained-silicon for higher strain levels.
The parameters η and γ are fit parameters.

All parameters depend on the strain-induced valley splitting,
∆ε = ε(∆2) − ε(∆4). The following empirical expressions
were assumed

vs = vs1 + vs2 · ∆ε (5)

β =β1 + β2 · ∆ε (6)

η = η1 + η2 · ∆ε (7)

γ = γ1 + γ2 · ∆ε (8)

ξ =
(∆ε/ξ1)

1 + (∆ε · ξ2/ξ1)2
. (9)

For all parameters except ξ, a linear dependence was found
to be sufficient. The parameter ξ was modeled by the rational
expression in (9). The parameters vsi, βi, ηi, γi, ξi where
i = 1, 2, are constants for a particular field direction. We have
chosen the three high symmetry directions [100], [110], and
[001], and two additional directions [101] and [11

√
2]. These

five sample directions form a spherical triangle on a unit sphere.
The parameters in (5)–(9) have been obtained using the opti-
mization framework of MATLAB [23]. A multidimensional un-
constrained nonlinear minimization (Nelder–Mead) technique
was adopted for obtaining the parameter set. The optimized
values of the parameters for these field directions are listed in
Tables II–IV. It should be noted that the optimization technique
is sensitive to the initial conditions of the parameters and
therefore a small variation in the initial conditions can result
in a slightly varied parameter set.

Fig. 5 shows the vE(E) characteristics for a 1 GPa stressed
(along [001]) silicon layer for field along [100] and [001] direc-

tions, respectively. Application of uniaxial compressive stress
enhances the velocity along [100] direction in the same way as
biaxial tensile strain does. Conversely, applying uniaxial tensile
stress results in an enhanced velocity along [001] direction.

B. Perpendicular Velocity Model

For the cases where the field is not oriented in a high
symmetry direction, it is observed that an electron velocity
perpendicular to the field direction develops. Fig. 6 shows the
perpendicular electron velocity, �vθ for field along the [101]
direction for increasing stress level, as obtained from MC simu-
lations. The component �vθ, although small for low stress levels,
has a significant magnitude for intermediate field regimes and
can result in a total velocity different from the parallel velocity.
For symmetry reasons, the velocity component in the �eϕ direc-
tion vanishes for all five sample directions.

The perpendicular velocity component vanishes for fields
along the [100], [110], and [001] directions. For the field direc-
tions [101] and [11

√
2], the normal velocity can be expressed in

terms of vE and v3

vθ = vE −
√

2v3. (10)

After fitting vE , the component v3 is fitted using an expression
similar to (4)

v3 =
√

2µ33E

1 +
[

1 +
(

2µ33E
vs(1−ξ)

)β
]1/β

+
vs√

2
ξ

(E/η)γ

1 + (E/η)γ
. (11)

To ensure the correct low-field behavior, v3 = µ33E3, the mag-
nitude of the electric field E in the first term in (4) has to be
replaced by E3 = E/

√
2 to obtain (11). The correct high-field

limit is introduced by replacing vs in (4) by v3,s = vs/
√

2.
For the unstrained case the values of the parameters β and
vs are identical with those listed in Table II. The fitting of
the parameters in (11) is performed such that the error in vθ

is minimized. The values of the other parameter for the field
directions [101] and [11

√
2] are listed in Table V.

C. Total Velocity for Fixed Field Direction

The total electron velocity vector is obtained by addition of
the two components

�vt = vE�eE + vθ�eθ (12)

where �eE and �eθ are the unit vectors parallel and perpendicular
to the field direction. Fig. 7 shows a comparison of the velocity
components and total velocity for −1 GPa stress for field along
the [11

√
2] direction, as obtained from MC simulations and the

analytical model. The results from the model for the sample
field direction chosen are in good agreement with the MC data
and demonstrate the validity of the model.
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TABLE III
PARAMETER VALUES FOR THE PARALLEL VELOCITY COMPONENT vE FOR ∆ε < 0

TABLE IV
PARAMETER VALUES FOR THE PARALLEL VELOCITY COMPONENT vE FOR ∆ε > 0

Fig. 5. Parallel electron velocity component versus field for silicon under
uniaxial stress (1 GPa) along [001] and field along [100] (right legend) and
[001] (left legend) directions, respectively.

D. Total Velocity for Arbitrary Field Direction

The velocity-field characteristics can be extended to other
field directions using a spherical harmonics interpolation.

Φ(θ, ϕ) =
∞∑

l=0

l∑
m=0

almPm
l [cos(θ)] cos(mϕ). (13)

Fig. 6. Perpendicular velocity versus field for silicon under increasing uniax-
ial stress along [001] and field along [101].

Here, Φ is the function to be interpolated, alm denote the
expansion coefficients and Pm

l are the associated Legendre
polynomials. From the symmetry properties Φ(θ, ϕ + π/2) =
Φ(θ, ϕ) and Φ(θ + π, ϕ) = Φ(θ, ϕ) it follows that l must be
even and m = 4n. Truncating (13) after the fourth order yields

Φ(θ, ϕ) = a00P
0
0 (χ) + a20P

0
2 (χ)

+ a40P
0
4 (χ) + a44P

4
4 (χ) cos(4ϕ) (14)
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TABLE V
PARAMETER VALUES FOR THE [001] VELOCITY COMPONENT v3

Fig. 7. Parallel (par) and perpendicular (prp) velocity components and total
(tot) velocity versus field for silicon under uniaxial stress (−1 GPa) along [001]
and field along [11

√
2].

where χ = cos(θ). Evaluating (14) for field directions [100],
[110], [001], [101], and [11

√
2] gives

Φ100 = a00 −
1
2
a20 +

3
8
a40 + 105a44 (15)

Φ110 = a00 −
1
2
a20 +

3
8
a40 − 105a44 (16)

Φ001 = a00 + a20 + a40 (17)

Φ011 = a00 +
1
4
a20 −

13
32

a40 +
105

4
a44 (18)

Φ11
√

2 = a00 +
1
4
a20 −

13
32

a40 −
105

4
a44. (19)

To determine the four coefficients from the overdetermined
system (15)–(19), we solve (15)–(17) exactly and minimize the
error in (18) and (19)

a00 =
1
3
(Φ100 + Φ110 + Φ001) −

7
12

a40 (20)

a20 =
1
3
(2Φ001 − Φ100 − Φ110) −

5
12

a40 (21)

Fig. 8. Interpolated parallel (par) and perpendicular (prp) velocity compo-
nents and the total (tot) velocity versus field for silicon under uniaxial stress
(3 GPa) along [001] and field along [111].

a40 =
8
35

(Φ100 + Φ110 + 2Φ001 − 2Φ011 − 2Φ11
√

2) (22)

a44 =
1

210
(Φ100 − Φ110). (23)

It was found that interpolation of the quantities Φ = v2
E and

Φ = v2
3 gives good agreement to MC data. Fig. 8 show a

comparison of the velocity components and the total velocity
as obtained from the interpolation and MC simulations for
field along the [111] direction for uniaxial tensile stressed
silicon. It can be seen that tensile stress causes the parallel and
perpendicular velocities to have opposite signs.

E. Simplification to Two-Dimensional Simulation Domains

For two-dimensional simulation domains, a simpler interpo-
lation method can be used. In the following, we consider the
case that �e3 lies in the simulation domain, such that ϕ is fixed
and only the variation of θ has to be considered. An alternative
case would be a uniaxial stress orthogonal to the simulation
domain, for example, in the width direction of a MOSFET.
Then, θ = π/2 and ϕ varies.
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In the first case, the quantity Φ can be interpolated using the
following polynomial

Φ(θ) = b0 + b2 cos2(θ) + b4 cos4(θ). (24)

Considering the special case of transport in the 〈010〉 plane
(ϕ = 0), we can write the equation system

Φ100 = b0 (25)

Φ101 = b0 +
b2
2

+
b4
4

(26)

Φ001 = b0 + b2 + b4 (27)

which gives the coefficients

b2 = − 3Φ100 + 4Φ101 − Φ001 (28)

b4 = 2Φ100 − 4Φ101 + 2Φ001. (29)

Similarly, for transport in a 〈110〉 plane (ϕ = π/4), we have

Φ110 = b0 (30)

Φ11
√

2 = b0 +
b2
2

+
b4
4

(31)

Φ001 = b0 + b2 + b4 (32)

giving

b2 = − 3Φ110 + 4Φ11
√

2 − Φ001 (33)

b4 = 2Φ110 − 4Φ11
√

2 + 2Φ001. (34)

The quantities to be interpolated are Φ = v2
E and Φ = v2

3 . Note
that for a field in [100] and [110] direction, the component
v3 vanishes. Therefore, for this quantity the calculation of
the coefficients simplifies because Φ100 = Φ110 = 0. Using
the relations (28) and (29) for the ϕ = 0 plane and (33) and
(34) for the ϕ = π/4 plane, the velocity components can be
interpolated.

IV. IMPLEMENTATION ISSUES

The present model has been derived for a uniform electric
field �E. To apply it in a drift diffusion-based device simulator,
the electric field in the model has to be replaced by an appropri-
ately defined driving force �Fn. Typical definitions of the driving
force employed in practical devices simulators are the electric
field component along the current density vector or the gradient
of the quasi-Fermi level.

For the two-dimensional cases described in Section III-E,
only one angle has to be determined. With the constant, two-
dimensional vector �e3 denoting the [001] direction, one obtains
for the polar angle

cos2(θ) =
(�Fn · �e3)2

�Fn · �Fn

. (35)

The involved vectors are two-dimensional and specified in the
device coordinate system.

The task of finding a tensor µ̂ that relates two given vec-
tors �Fn and �v by �v = µ̂ �Fn has no unique solution. In two
dimensions, this vector equation denotes two scalar equations,
whereas the 2 by 2 matrix µ̂ has four unknown elements. The
straightforward assumption of a diagonal matrix with diagonal
elements µxx = vx/Fn,x and µyy = vy/Fn,y cannot be made,
because this definition becomes singular whenever the driving
force vector is parallel to the x or y axes.

To solve this problem one can probe the velocity vector for
a second driving force vector. Using Cartesian coordinates, a
vector orthogonal to �Fn = (Fn,x, Fn,y) can be easily found
as �Gn = (−Fn,y, Fn,x). The four matrix elements can now be
uniquely determined from the following two vector equations

�vt(�Fn) = µ̂ �Fn (36)

�vt(�Gn) = µ̂ �Gn. (37)

Implementation of a full tensorial mobility model in two di-
mensions would require the following quantities. We consider
some edge α of an unstructured mesh, connecting the nodes
i and j. The unit vector along this edge is given by �eα =
(�rj − �ri)/|�rj − �ri|. A vector �eβ orthogonal to �eα = (αx, αy)
can be defined as �eβ = (−αy, αx). The box integration method
requires the projection of the current density onto the edge,
jα = �j · �eα. For a mobility tensor with nonzero off-diagonal
elements this current component becomes

jα = qnα(µααFα + µαβFβ) (38)

where nα denotes the carrier concentration at the mid point
edge α. This equation states that the current component along
the edge is driven not only by the driving force component
along the edge, Fα, but also by the perpendicular component
Fβ . The Scharfetter–Gummel scheme [24] gives a discrete rep-
resentation of the component Fα as a function of the variables
at nodes i and j. The perpendicular component Fβ , however,
cannot be determined from the variables at the two nodes. It
can only be estimated by some kind of interpolation of the
parallel components at neighboring edges. One possible exten-
sion of the Scharfetter–Gummel discretization has been pro-
posed in [25].

V. DISCUSSION

The high-field velocity model presented has been derived for
bulk silicon. The model can consistently be used with the drift-
diffusion transport model whenever the spatial variations of
the potential are sufficiently smooth. However, even nowadays
where gate lengths are in the decananometer regime, drift-
diffusion-based simulations are still widely used to estimate
transistor performance, despite the fact that this model cannot
capture the strong nonlocal transport effects. The latter are
usually accommodated by changing parameters, in particular by
considerably increasing the saturation velocity. Also, the high-
field velocity model cannot include nonlocal effects, as it is
based on populations of the band minima being functions of the
local electric field. One should be aware that extending the local
drift-diffusion equation with a local high-field velocity model
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cannot extend the limitation with respect to strongly nonlocal
transport occurring in relevant technologies. Upscaling the
velocity by some technology-dependent parameter may still add
some physics to the model, as a rough estimate of the direction-
dependence of high-field transport.

VI. SUMMARY

A comprehensive study of the electron high-field transport
in strained-silicon for different field directions and stress con-
ditions has been performed using full-band MC simulations.
A phenomenological approach to calculate the mobility tensor
at high electric fields has been proposed. The structure of the
proposed high-field model can be summarized as follows.

1) For five given field directions the parallel components
vE(E) of the velocity vectors are empirically fitted.
These five chosen directions form a spherical triangle.

2) For two out of the five field directions a normal velocity
component develops. The normal components vθ(E) in
the direction �eθ are also empirically fitted. For all field
directions chosen, the normal component along the �eϕ

direction will vanish.
3) The velocity vector for the actual field direction is ob-

tained from the velocity vectors for the sample directions
by means of interpolation.

4) In the crystallographic system, the mobility tensor is
assumed to be diagonal. The three diagonal elements are
determined from the velocity and field vectors.

5) The mobility tensor is transformed to the device coordi-
nate system by a unitary transformation.

This approach seems to be more suitable for device simulation
purpose than a more physics-based model due to the inherent
complexities discussed in Section III. The presented model is
applicable for all stress conditions which cause the X-valleys to
split into twofold degenerate ∆2 valleys and four-fold degener-
ate ∆4 valleys. It has been extended to arbitrary field directions
using an interpolation technique. The path of implementing
the model in drift-diffusion-based device simulator is briefly
outlined.
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