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A B S T R A C T

An electron effective mobility analytical model without empirical parameters is investigated for
the strained silicon inversion layer, which can be conveniently applied by device and circuit
designers. Four kinds of scattering mechanisms, i.e., coulomb scattering, acoustic phonon scat-
tering, intervalley phonon scattering and surface roughness scattering, are taken into account to
calculate the electron mobility for the 2D (two-dimensional) inversion layer through a one-di-
mensional inverse transform. Considering the quantum confinement and strain effect, the valley
electron occupancy variation is dissected. In regard to the Si/(001)Si −x1 Gex and Si/(110)Si −x1 Gex
Si common orientation, the dependence of the electron effective mobility with various Ge content
on the inversion charge density is analyzed in detail, and by means of this the mechanism of the
mobility enhancement under different situations and the mobility saturation are brought to light.

1. Introduction

Mobility enhancement is an attractive option, because it can potentially improve device performance beyond any of the benefits
from device scaling [1]. Strained silicon (S-Si) technology is one of the most advanced technologies in microelectronics, with the
advantages of high-mobility, adjustable energy-band structure and compatible processing technology compared with traditional
silicon [2]. Carrier mobility with enhancement factor up to 1.8 is achieved for an n-channel devices[3]. MOSFET (metal-oxide-
semiconductor field-effect transistor) performance improvements are continuing via strained channels, which are being adopted in
nearly all 90, 65, and 45 nm logic, communication, and consumer technologies [4]. For high speed and energy efficient applications,
Weber et al. presented a 14 nm device platform using strain-engineered FDSOI (fully depleted silicon on insulator) transistors [5].
Intrinsically strained channel techniques are by far the most efficient, with almost 100% of the stress maintained in the channel for
long active region length values [6].

Empirical equations for the electron mobility can be used easily for engineering applications, but the physical significance is not
clear. A semi-empirical equation is a compromise between easy use and physical significance. Both empirical and semi-empirical
methods have parameters which need to be extracted from the actual device. Therefore, their universality are often questioned. The
Monte Carlo method, which has a high degree of accuracy, is exploited by researchers to study accurately the inversion electron
scattering mechanism. However, this method is too complicated and time consuming, and is hard to embed in the device simulation
software, so that it cannot be used in the simulation of the actual circuit. Especially, it is not straightforward for the device and circuit

https://doi.org/10.1016/j.cjph.2018.05.029
Received 22 January 2018; Received in revised form 19 April 2018; Accepted 4 May 2018

☆ Supported by National Natural Science Foundation of China (Grant no. 61504011), Shaanxi Provincial Natural Science Foundation (Grant no.
2017JQ4025).
⁎ Corresponding author.
E-mail address: wxyswallow7907@163.com (W. Xiao-Yan).

Chinese Journal of Physics 56 (2018) 2095–2103

Available online 18 July 2018
0577-9073/ © 2018 The Physical Society of the Republic of China (Taiwan). Published by Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/05779073
https://www.elsevier.com/locate/cjph
https://doi.org/10.1016/j.cjph.2018.05.029
https://doi.org/10.1016/j.cjph.2018.05.029
mailto:wxyswallow7907@163.com
https://doi.org/10.1016/j.cjph.2018.05.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cjph.2018.05.029&domain=pdf


designer. The analytical models derived in this paper have the most clear physical significance, which feature simplicity, versatility,
and ease of use, so that they can effectively help designers to design, modify and optimize the devices and circuits. The models can
also be easily used to calculate the inversion layer electron mobility of an arbitrarily crystal plane with an arbitrarily orientation if the
parameters are correctly chosen.

Using the research of mobility on strained Si material for reference, the inversion layer electron effective mobility of biaxial
strained Si, by growing a layer of Si on Si −x1 Gex, is investigated in this paper. The rest of the paper is organized as follows. Both
quantum confinement and the strain effect influence the inversion electron energy, which are the basis of scattering rate models.
They are introduced in Section 2. The scattering rates are the key to calculating the mobility according to the mobility formula

=μ qτ m/ c (mc indicates the conductive effective mass, and τ indicates the momentum relaxation time, i.e., the reciprocal of the
scattering rate). Based on the energy band, the scattering rate models are built in Section 3. Then, the mobility of the common
orientations for the common planes (100) and (110) is calculated and simulated in Section 4. Finally, a brief conclusion is drawn in
the last section.

2. Quantum confinement and the strain effect

Different from the bulk material, carriers are 2D (two-dimensional) electron/hole gases in the normal inversion operation mode.
Two new features must be considered for the carrier transport: 1) electric confinement—also referred to as quantum confinement,
and 2) semiconductor-oxide interface scattering, i.e., surface roughness scattering [7].

Due to quantum confinement, 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 motion in a plane ( −x y plane) normal to the confining
potential[7]. An energy band which extends in the kz direction in bulk materials is now split into a series of subbands. And the six
equivalent energy valleys in the bulk materials split into Δ2 and Δ4 due to quantum confinement, which reduces the crystal symmetry.
The properties of the subbands and transport properties of the inversion and accumulation layers at the semiconductor-insulator
interfaces have been reviewed in detail in Ref. [8].

In the triangular potential well approximation, the potential is given by [7]
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where q stands for the electronic charge and Eeff stands for the effective electric field along the z direction. By matching the boundary
conditions, the subband energies Eni are [7]
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where ℏ is Planck’s constant over 2π, mz is the effective mass in the z direction, rn are the roots for the equation − =A r( ) 0: =r 2.338,0
=r 4.087,1 =r 5.520,2 =r 6.787,3 = …r 7.944, ,4 and −A r( ) is the Airy function.
At the same time, strain also makes the band structure change. So, for the strained Si inversion layer, the band structure depends

on both the quantum confinement and strain splitting. Strain effects in MOSFETs are determined by the coactions of the electric
confinement and strain effect. First, quantum confinement and strain splitting can be additive or subtractive. Second, strain alters the
in-plane 2D band structures, leading to changes of both the conductivity and density of state (DOS) effective masses [7]. The shift in
energies of the conduction band valleys owing to the strain effect can be calculated by deformation potential theory. And the effective
mass change owing to the strain effect can be calculated by K · P perturbation theory, which is presented thoroughly in Ref. [9].

3. Scattering models

There are many reasons why the transport properties of the electron gas in a silicon MOS inversion layer should be treated as a
two-dimensional electron gas (2DEG) [10], where the motion perpendicular to the surface is quantized, instead of a 3DEG [11], even
at room temperature. In the NMOSFET inversion layer, except for ionized impurity scattering, acoustic phonon intravalley scattering
and intervalley scattering, surface roughness scattering must be included, as the introduction above said. The various scattering rates
based on 2DEG transport theories are as follows:

With respect to the scattering potential, we use a screened coulomb potential function, which is written as the following formula:
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where �̄ is the average permittivity,
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�Si denotes the permittivity of Si and �ox denotes the permittivity of SiO2. The screening wave vector, fsc, is given as the inverse of the
Debye length for semiconductors [12]:
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where Ninv means the average 2D inversion charge density at any point along the channel of the MOSFET, KB means Boltzmann’s
constant, T is the temperature, and Zeff is the average depth of the inversion layer at any point along the channel of the MOSFET,
which is expressed by [10]

= +Z Z Z ,eff QM CL (6)

where ZQM is given by
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ZCL is given by
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and Eeff is the effective transverse field defined as [13]
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where =η 1/2 for (100) electrons and =η 1/3 for (110) and (111) electrons, Qinv describes the inversion carrier density, and QB

describes the depleted charge density given by
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where ϕB donates the bulk Fermi potential, Nsub donates the substrate impurity concentration and ni the intrinsic carrier con-
centration.

By taking the one-dimensional inverse transform for the matrix element of the 3D scattering case along the z axis (i.e., per-
pendicular to the channel direction), the quasi-2D matrix element can be derived as

∫
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where k and ′k are for the electron wave before scattering and after scattering, respectively, and qz is the z axis component of the
scattering wave vector.

Substituting H2D into the Fermi golden rule, the coulomb scattering rate is derived by [12]
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where md is the density of state (DOS) effective mass given by m m1 2 (m1 and m2 are the principal effective masses of the constant-
energy ellipse in the surface). Nox and Nit are the fixed oxide charge density and interface state charge of unit area, respectively. Nit

can be gotten by [14]
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Ef stands for the Fermi energy level, Ei stands for the intrinsic Fermi level and Dit is the interface density.
Similarly, the acoustic phonon scattering rate and intervalley scattering rate can be derived, for which the 3D matrix elements are

investigated comprehensively in Ref. [15], written by the first author of this paper and others persons. The acoustic phonon scattering
rate is derived by

=S
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where ZA indicates the electron deformation constant, Ul indicates the phonon velocity in silicon, =ρ ρ Z ,bulk eff ρbulk indicates the
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mass density of the bulk Si atom.
The intervalley scattering rate can be obtained by
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where Di symbolizes the deformation potential constant, Zfi symbolizes the number of equivalent valleys, ωi the angular frequency of
the phonon and ΔEfi the energy difference between the initial state and final state. The upper and lower signs refer to the absorption
and emission processes, respectively. Ni symbolizes the equivalent phonon number, which obeys Bose-Einstein statistics and is ex-
pressed as [16]

=
−( )

N 1

exp 1
.

ω
K T

i ℏ i
B (18)

The surface roughness scattering rate is calculated by the following formula [13]:
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where Δ and L represent the mean asperity height and the correlation length for the surface roughness, respectively.

4. Calculation and simulation results for the electron mobility

4.1. Calculation of the electron mobility

Using Matthiessen’s rule, the total mobility can be obtained by [10]

= + + +
μ μ μ μ μ

1 1 1 1 1 ,
total cou ac int sr (20)

where μcou refers to the mobility due to coulomb scattering, μac due to the acoustic phonon scattering, μint due to intervalley scat-
tering, and μsr due to interface scattering.

For NMOSFETs on (001) wafer Si, quantum confinement makes the six equal valleys split into four higher Δ4 valleys (the (100)
and (010)valleys) and two lower Δ2 valleys (the (001)valleys) in line with Eq. (2), and the strain effect strengthens the splitting
between the Δ4 and the Δ2 valleys. For (110) Si, the splitting is similar, except for the Δ2 valleys being higher than the Δ4 valleys.
Supposing that the electron concentration is n, the electron mobility at the Δ2 valleys is μ001, the electron mobility at the Δ4 valleys
are μ100 and μ010, respectively, and the electron occupancy at the Δ2 valleys is p, then the electron occupancy at the Δ4 valleys is − p1 .
Hereafter the current density at the electric field

→
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Comparing Eq. (22) with Eq. (21), we have

=
−

+
−

+μ
p

μ
p

μ pμ
1

2
1

2
.100 010 001 (23)

From (23), it is observed that the subband electron occupancy has an impact on the mobility. The expression for the subband
electron occupancy is

=
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where nni can be calculated by[17]
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where

= +F x x( ) ln[1 exp( )].0 (26)

4.2. Simulation results

The basic physical parameters are the same as those in Ref. [15]. The effective masses for strained Si/(001)Si −x1 Gex and strained

W. Xiao-Yan et al. Chinese Journal of Physics 56 (2018) 2095–2103

2098



Si/(110)Si −x1 Gex are from Ref. [9] and [18], respectively. For the coulomb scattering, =N 1*10ox
12 cm−2 [19], Dit comes from Ref.

[20]. For the acoustic phonon intravalley scattering, =Z 12A eV [21], and the intervalley scattering, =D 19.2*10i
8 eV [21]. For the

surface roughness scattering, ▵ = 0.185 nm, and =L 1.5 nm [22].
Based on the classic sheet approximation for the inversion layer, the mobility is simulated by Matlab. The mobility for strained Si

on the (001) plane Si −x1 Gex buffer (abbreviated as strained Si/(001)Si −x1 Gex, and the other planes are similar) is shown in
Section 4.2.1, and the mobility for strained Si/(110)Si −x1 Gex is shown in 4.2.2. For all the figures below, x denotes the Ge content,
and large x means a large biaxial stress because of the lattice mismatch between Si and Si −x1 Gex. The solid lines with nothing refer to
bulk Si, the solid lines with the symbols ○ refer to =x 0.1, the symbols ⋄ refer to =x 0.2, the symbols * refer to =x 0.3 and the
symbols △ refer to =x 0.4.

4.2.1. Strained Si/(001)Si −x1 Gex electron mobility
For (001) Si, there are several distinct characters. First, the quantum confinement and strain splitting are additive, and the Δ2

valleys are the lower valleys. The effective mass of the Δ2 valleys along the z direction is larger than the one of the Δ4 valleys, so the
Δ2 valleys have a lower energy, in line with Eq. (2). And the stress also makes the Δ2 valleys low according to deformation potential
theory. So, the majority electrons occupy the Δ2 valleys. Second, the splitting energy between the Δ2 and Δ4 valleys becomes larger
with an increase of the biaxial stress or electric field. The large splitting energy results in: 1) more electrons stay in the Δ2 valleys, and
2) the intervalley scattering rate decreases. Third, the Δ2 valleys have the same conduction effective mass at the strained plane, and
have high mobility due to both a small DOS effective mass and a small conduction effective mass. So, the more electrons occupy the
Δ2 valleys, the higher the mobility according to Eq. (23).

On the basis of Eqs. (24)–(26), the electron occupancy is related to the DOS effective mass and the electron energy level, and the
splitting energy between the Δ2 and Δ4 valleys has more impact on the occupancy. The effective electric field of the inversion
influences the energy level according to Eq. (2), and stress influences both the effective mass and energy level, as was presented in
Section 2. On account of the relationships between the splitting energy and the electric field, and between the splitting energy and the
biaxial stress, for strained Si/(001)Si −x1 Gex, the Δ2 valley electron occupancy increases when the effective field or Ge contents
increase, and all the electrons will occupy the δ2 valleys if the splitting energy is large enough due to high field or stress. These
conclusions are displayed in Fig. 1.

Fig. 2 indicates the mobility with various Ge content for the [100] orientation strained Si/(001)Si −x1 Gex. In Fig. 2, the isolated
symbols represent the data from Ref. [3], and the symbols × refer to =x 0, the filled symbols ○ refer to =x 0.1, and the symbols ⋄
refer to =x 0.2. The simulation results basically accord with the reference data, but there are two differences between the reference
and this paper: 1) the data don’t match so well, 2) the mobility has a saturation when the Ge content x>0.2 in the reference, while it
doesn’t in this paper. With regard to the first difference, it maybe comes from the different parameters for the scattering models. For
the second difference, it is because the effective mass doesn’t change in the reference. To prove this, the mobility is simulated at the
condition that effective mass doesn’t change with Ge content, and the results show that the mobility will saturate when x≥ 0.2, as
Fig. 3 clearly shows. For the inversion layer, the DOS effective mass is 2D, which is different from the 3D DOS effective mass that is
almost constant in the material, and it changes with strain. As a result, although the effective mass doesn’t change much and all the

Fig. 1. Occupancy of the strained Si/(001)Si −x1 Gex Δ2 valleys.
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electrons stay at the Δ2 valleys after the Ge content x≥ 0.2, the electron mobility in the inversion layer will not saturate. But if the
effective mass remains constant, the mobility will saturate when all the electrons stay in the Δ2 valleys, as Fig. 3 clearly shows, which
means the split energy will not affect the mobility any more.

From Fig. 2 it can be seen that the electron mobility decreases with an increase of the effective electric field, because at low fields
the carrier mobility is dominated by coulomb scattering, which is more effectively screened out at higher fields (and thus, higher
carrier densities in the inversion layer). At moderate fields, the carrier mobility is determined by the phonon scattering. In the high-
field regime, surface roughness scattering dominates the carrier mobility.

In Fig. 2, we can also observe that the electron mobility of [100] orientation strained Si/(001)Si −x1 Gex increases with an increase
of the Ge content. When the Ge content increases the split energy become larger, so that more electrons stay in the Δ2 valleys, which

Fig. 2. The [100] orientation strained Si/(001)Si −x1 Gex electron mobility.

Fig. 3. The [100] strained Si/(001)Si −x1 Gex electron mobility with unchanged effective mass.
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is conducive to improving mobility, as the beginning of this subsection analyzed.
Regarding the electron mobility of the [110] orientation for strained Si/(001)Si −x1 Gex, the values are same as those of the [100]

orientation, because of the identical parameters for all kinds of scattering, the DOS effective mass and the conduction effective mass.

4.2.2. Strained Si/(110)Si −x1 Gex electron mobility
For (110) Si, it has the same first two characters of (001) Si except that: 1) the Δ4 valleys are the lower valleys so that a majority of

the electrons stay here, and 2) the splitting energy is smaller. The Δ4 valleys don’t have the advantages of the Δ2 valleys at the (001)
plane, having a larger conduction effective mass and a larger DOS effective mass, which results in lower mobility.

As Fig. 4 illustrates, for strained Si/(110)Si −x1 Gex, a minority of the electrons occupy the Δ2 valleys, and the occupancy decreases

Fig. 4. Occupancy of the strained Si/(110)Si −x1 Gex Δ2 valleys.

Fig. 5. The [001] orientation strained Si/(110)Si −x1 Gex electron mobility.
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with an increase of the effective electric field and Ge content, which is opposite to that of the (001) plane.
In Fig. 5, the electron mobility of [001] orientation strained Si/(110)Si −x1 Gex is displayed. Compared with the mobility of

strained Si/(001)Si −x1 Gex, the mobility of strained Si/(110)Si −x1 Gex along the [001] orientation has the same trend on the effective
electric field. But the dependence of the mobility on Ge content has two differences. The first, [001] orientation strained Si/(110)
Si −x1 Gex has a smaller mobility, and the reason is that more electrons occupy the Δ4 valleys. Second, the mobility will saturate when
the electrons occupy the Δ4 valleys totally, because the effective mass of the Δ4 valleys does not change with Ge content.

The Δ4 valleys effective mass along the [1̄10] orientation is larger than that of the [001] orientation. So, for the [1̄10] orientation
strained Si/(110)Si −x1 Gex, as a result from the larger conduction effective mass, the mobility is lower than that of the [001] or-
ientation, as evidenced in Fig. 6. At the same time, with an increase of stress, more electrons occupy the Δ4 valleys, which results in
lower mobility. In addition, towards the Δ2 valleys, the effective mass along the [1̄10] orientation increases greatly with increasing Ge
content, which lowers the mobility further.

Through the above analysis, it is known that the smaller the 2D DOS effective mass and the smaller the effective mass along the
electron moving direction for the valleys in which most of the electrons occupy, the higher the inversion effective electron mobility.
So, the mobility of strained Si/(001)Si −x1 Gex is higher than that of the strained Si/(110)Si −x1 Gex as Figs. 2, 5 and 6 show. We can
expect that the mobility of strained Si/(111)Si −x1 Gex has lower mobility than strained Si/(110)Si −x1 Gex due to a larger 2D DOS
effective mass.

5. Conclusions

By taking the inverse transform for the matrix element of the 3D scattering case along the z axis, the 2D scattering rate models of
the coulomb scattering, acoustic phonon scattering and intervalley scattering are probed. Then, the surface roughness scattering is
considered, the effective mobility model for the inversion layer is acquired. The simulation results indicate that strained Si/(001)
Si −x1 Gex has a higher mobility, and the mobility does not saturate on account of the change of the effective mass. The derived
mobility model can be employed to design and optimize Si-based MOSFET devices and circuits.
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