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Abstract—The substrate doping concentration 
dependence of strain-enhanced electron mobility in 
(110)/<110> nMOSFETs is investigated by using a 
self-consistent Schrödinger-Poisson solver. The 
electron mobility model includes Coulomb, phonon, 
and surface roughness scattering. The calculated 
results show that, in contrast to (100)/<110> case, the 
longitudinal tensile strain-induced electron mobility 
enhancement on the (110)/<110> can be increased at 
high substrate doping concentration.    
 
Index Terms—Electron mobility, stress, strain, 
intravalley phonon mobility, intervalley phonon 
mobility, wafer orientation    

I. INTRODUCTION 

As CMOS technology has become more advanced, 
various types of 3-D multigate structures such as double-
gate (DG) FinFETs and tri-gate MOSFETs or mobility 
enhancement technology using strain have been studied 
[1-3]. The fin structure is useful to implement the 
double-gate structure and then the electron mobility 
characteristic of <110> current direction on (110) wafer 
orientation is important because (110)/<110> became the 
channel of DG FinFETs at a conventional (100) wafer 
orientation. Moreover, as the device dimension shrinks, it 
is necessary to enhance the carrier mobility of DG 

FinFETs by strain because the strain changes the 
electronic band structure resulting in the change of 
carrier mobility [4-8]. 

In our previous work, we suggested that low substrate 
doping concentration on the (100)/<110> nMOSFETs is 
more helpful for strain-induced electron mobility 
enhancement at high effective electric field [9]. However, 
there is very little information on the understanding of 
substrate doping concentration (Nsub) dependence of 
electron mobility enhancement induced by uniaxial strain 
on (110)/<110>.  

This paper is organized as follows. Section II presents 
the models for electron mobility and stress effects. In 
Section III, the results of our simulation are presented 
and analyzed, and Section IV reports the discussions and 
conclusions.  

II. MOBILITY SIMULATION 

In a semiconductor, there are different scattering 
mechanisms such as Coulomb scattering, phonon 
scattering and surface roughness scattering. These 
scattering events influence the mobility of carrier and the 
carrier mobility is given by  

 

 * ,q
m

tm ×
=           (1) 

 
where τ is the momentum-relaxation time and m* is the 
conductivity effective mass of carrier [2]. When multiple 
scattering mechanisms occur, the total carrier mobility is 
typically obtained by Matthiessen’s rule. However, it has 
been known that the Matthiessen rule is not exact and it 
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results in large inaccuracies in the mobility extraction [6-
8]. To calculate the total mobility more exactly, we used 
Momentum Relaxation Time (MRT) method. When 
different scattering mechanisms are included in the 
calculations, the total MRT is obtained by summing the 
inverse of the MRTs and it can be expressed as 
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where τs

(i)(E) is the MRT due to the scattering mechanism 
‘s’ alone and index i is the subband [8]. To consider the 
total mobility, we take into account the Coulomb 
scattering (τcoul), intravalley phonon scattering (τintra), 
intervalley phonon scattering (τinter), and surface 
roughness scattering (τsr) MRTs. The total relaxation rate 
(1/τ), the electron mobility in the i th subband (μi), and 
total electron mobility (μtotal) are given by [10, 11] 
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where mc,i is the conductivity mass of i th subband. Ni is 
the carrier density of the i th subband, and Ns is the total 
carrier density. 

The momentum-relaxation rate of Coulomb scattering 
is given by [12]  
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where NI is the impurity concentration, ε0 is the 
permittivity of free space, εsi is the relative permittivity 
of Si, and LD is the Debye length.  

The momentum relaxation rate by intravalley acoustic 

phonons (1/τi
intra) and intervalley optical phonons (1/τi

inter) 
scattering from the i th subband to the j th subband is 
given by [11] 
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where U(x) is the Heaviside step function, k is the index 
of phonons, Ek is the energy of the k th intervalley 
phonon, Nk is the Bose-Einstein distribution function, and 
f(E) is the Fermi-Dirac distribution function. The 
physical parameters used in equations are listed in Table 
1. In (8), f and g are the types of intervalley scattering 
and Fi,j is the form factor determined by the wave 
functions of the i th and the j th subbands. In order to 
more accurately calculate the phonon scattering rate, we 
use the concept of effective deformation potential which 
means the deformation potential is changed by effective 
electric field (Eeff) [13]. Dac,eff is the effective intravalley 
deformation potential for acoustic phonon scattering. 
Dk,eff is the effective deformation potential of the k th 
intervalley phonon. 

The traditional theory of interface roughness scattering 
has already been developed and expressions for that are 
given by [14, 15]  

 

 
2

3
1 ,d eff

surface

m qEp

t

é ùDLë û=
h

   (10) 

 
where Δ is the root-mean-square height of interface 
roughness and Λ is the lateral decay length of interface 
roughness. 

Analytical expressions for the strain-induced valley 
splitting and effective mass changes of the (110)/<110> 
have been reported in [16]  
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where EΔ2,0 and EΔ4,0 are the strain induced energy shifts 
for Δ2 and Δ4 valley, respectively. TL, TW, and TV are the 
stress components in the gate length, gate width, and gate 
vertical direction with gigapascal scale, respectively. The 
masses of Δ2 valley are changed by the shear strain, and 
they are given by [16, 17] 
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where mΔ2,c, mΔ2,q, and mΔ2,d are the conductivity, 
quantization, and density of state mass of Δ2 valley, 
respectively. The physical parameters used in (13) are 
listed in Table 1. 

In Fig. 1, the calculated electron mobility in the 
(110)/<110> is compared with the experimental data for 
various Nsub reported in [18]. As can be seen, our 
calculation results show good agreement with the 
experimental data in all range. Fig. 2 is the strain 
dependence of μeff enhancement induced by uniaxial 
longitudinal and transverse tensile stress on (110)/<110>, 
and our numerically calculated results agree well with 
experimental data [19].  

In case of (110) orientation, it is well known that E-k 
along <110> is non-parabolic particularly at energies 
greater than 0.1 eV and this non-parabolic characteristic 

Table 1. Physical parameters used in this paper 
Symbol Value Definition 

m0 9.11 ´ 10-31 kg free electron mass 
ρ 2329 kg/m3 crystal mass density 
sl 9037 m/s longitudinal sound velocity 

Δ 3.5 nm root-mean-square height of interface 
roughness 

Λ 8 nm lateral decay length of interface roughness 
mc Δ2 0.19 m0 conductivity mass of Δ2 
mc Δ4 0.553 m0 conductivity mass of Δ4 
md Δ2 0.417 m0 density of state mass of Δ2 
md Δ4 0.324 m0 density of state mass of Δ4 
mz Δ2 0.19 m0 quantization mass of Δ2 (parabolic) 
mz Δ4 0.315 m0 quantization mass of Δ4 

Dac 12 eV intravalley deformation potential at  
Eeff = 0.1 MV/cm 

Dk 8×108 eV/cm intervalley deformation potential at  
Eeff = 0.1 MV/cm 

Ek 
59 meV 
63 meV 

energy of f type intervalley 
energy of g type intervalley 

nΔ2
ac 

nΔ4
ac 

1 
1 

degeneracy number of each valley 
for intravalley scattering 

ng
Δ2 Δ2 

nf
Δ2 Δ4 

ng
Δ4 Δ4 

nf
Δ4 Δ2 

nf
Δ4 Δ4 

1 
4 
1 
2 
2 

degeneracy number of each valley 
for intervalley scattering 

ml 0.916 m0 longitudinal effective mass 
mt 0.19 m0 transverse effective mass 
Ξu 9.29 eV uniaxial deformation potential 
Ξd 1.1 eV dilatation deformation potential 
Θ 0.53 eV 
η -0.809 
k 0.0189 

 
 

k·p model parameter 
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Fig. 1. Eeff dependence of the electron mobility for various Nsub. 
The symbols represent the experimental data from [18]. The 
solid lines represent the numerically calculated μeff. 
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Fig. 2. Strain dependence of the μeff enhancement induced by 
uniaxial longitudinal and transverse tensile strain. The symbols 
represent the experimental data from [19]. The solid lines 
represent numerically calculated mobility enhancement. 
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of (110)/<110> increases the quantization mass of Δ2 
valley [16, 19]. Thus, it is important to accurately 
determine the subband structures in (110) nMOSFETs. 
To analytically describe this non-parabolic characteristic, 
we calculate quantization mass of Δ2 valley as [20]  

 

 ( )( ), ,1 1.5 ,q eff t i C sm m E E= + ´ -       (14) 
 
where mt is parabolic quantization mass of Δ2 valley, Ei 
is the quantization band energy, and EC,s is the 
conduction band energy at Si/SiO2 interface. Fig. 3 is the 
calculated relative occupancy of the (110)/<110> 
inversion layer with non-parabolic energy band as a 
function of Ninv and our numerically calculated results 
show good agreement with reference data taken from 
[19]. As shown in Figs. 1-3, our numerically calculated 
mobility shows good agreement with the experimental 
data. Therefore, it is reasonable that we use our 
numerically calculated results to predict the strain-
induced mobility enhancement for various cases.  

III. SUBSTRATE DOPING DEPENDENCE OF 

STRAIN-INDUCED ELECTRON MOBILITY 

ENHANCEMENT 

Fig. 4 shows the relative enhancement ratio of 
mobility by 0.5% uniaxial longitudinal tensile strain with 
several Nsub on (100)/<110> and it has been detailed in 
our previous work [9]. Fig. 5 is the relative enhancement 
ratio of mobility on (110)/<110> under the same 
condition as those used in Fig. 4 and the characteristic of 
(110)/<110> is quite distinct from that of (100)/<110>. In 
contrast to the (100)/<110>, the relative mobility 
enhancement ratio of (110)/<110> is larger for high Nsub, 
even if the absolute mobility of the high Nsub is smaller 
than that of the low Nsub. To examine the effect of Nsub, 
we compared mc, the momentum relaxation rate by 
phonon scattering (1/τph), and relative occupancy with a 
low Nsub (=1.4x1016 cm-3) and high Nsub (=7.0x1017 cm-3). 
As a results, we found that strain-induced mc, 1/τintra, and 
1/τinter are barely unchanged whether Nsub is low or high. 
Fig. 6 shows the change of 1/ τintra induced by 0.5 % 
uniaxial longitudinal tensile strain in high Nsub and low 
Nsub. As shown, the strain induces very small change in 
1/τintra of Δ2 valley. Not only 1/τintra but also 1/τinter and mc 
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Fig. 3. The calculated relative occupancy of the (110)/<110> 
inversion layer with non-parabolic energy band as a function of 
Ninv. The solid lines represent the reference data taken from 
[19] and the symbols represent our non-parabolic simulation 
results. 
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Fig. 4. Strain-induced relative mobility enhancement ratio of 
the (100)/<110> inversion layer as a function of Eeff for several 
Nsub. 
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Fig. 5. Strain-induced relative mobility enhancement ratio of 
the (110)/<110> inversion layer as a function of Eeff for several 
Nsub. 
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have small influence on relative electron mobility 
enhancement (data not shown here). Thus, intravalley, 
intervalley phonon scattering, and mc are not main causes 
of relative mobility enhancement. However, the change 
of relative occupancy induced by strain is different with 
Nsub. Fig. 7 shows the calculated relative occupancy of 
Δ2 valleys as a function of Eeff. The longitudinal tensile 
strain enhances the population of Δ2 valleys, and the 
occupancy of Δ2 valleys increases by 37 % with high 
Nsub while it increases only by 32 % with low Nsub at Eeff 

= 1 MV/cm. It is worthy of notice that the occupancy of 
Δ2 valleys is higher than the occupancy of Δ4 valleys by 
strain and conductivity mass of Δ4 valley is about 3 times 
heavier than that of Δ2 valley in case of the (110)/<110>. 

Accordingly, relative occupancy of subband is the 
primary reason for Nsub dependency on the (110)/<110>. 
To investigate the reason of relative occupancy change, 
we calculate bottom subband energy of Δ2 valley, as 
shown in Fig. 8. It shows the decrease of bottom subband 
energy of Δ2 valley in high Nsub is larger than that in low 
Nsub for the (110)/<110>. In conclusion, among several 
parameters which have an influence on mobility, the 
occupancy of subband is the most important parameter 
for stress-induced relative mobility enhancement. 

IV. CONCLUSIONS 

We investigated the substrate doping concentration 
dependence of longitudinal tensile strain-enhanced 
electron mobility in (110)/<110> nMOSFETs. The 
strain-induced electron mobility enhancement on the 
(110)/<110> can be increased at high substrate doping 
concentration and relative occupancy of sub-valleys is 
the major factor to determine the electron mobility 
enhancement. The results of this paper should be helpful 
in understanding the strain-induced electron mobility 
characteristic and advantageous for strain-induced high 
electron mobility. 
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Fig. 6. Calculated momentum relaxation time of bottom energy 
subband for intra phonon scattering under 0.5 % longitudinal 
tensile strain as a function of energy in Nsub = 1.4Í1016 cm-3 

and 7Í1017 cm-3. 
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(110)/<110> inversion layer as a function of Eeff in Nsub =
1.4Í1016 cm-3 and 7Í1017 cm-3. 
 

0 1x10-7 2x10-7 3x10-7 4x10-7 5x10-7 6x10-7

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

(110)/<110>
0.5% longitudinal 
tensile strain

DE = 22.7meV

DE = 23.7meV

Nsub = 1.4x1016cm-3
Nsub = 7x1017cm-3

Eeff = 1 MV/cm

 Ec_Nsub = 1.4x1016cm-3

 Ec_Nsub = 7x1017cm-3

 D2_no strain
 D2_strain

En
er

gy
 (e

V)

Distance from interface (cm)

 

Fig. 8. Calculated Ec and bottom subband energy of Δ2 valley 
in Nsub = 1.4Í1016 cm-3 and 7Í1017 cm-3. ΔE represents the 
energy shift of Δ2 valley induced by 0.5 % longitudinal tensile 
strain. 
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