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摘 要 

 

在過去的數十年中，為了追求高積集度、高速度、以及低功率消耗的元件表

現，互補式金氧半場效電晶體的元件尺寸不斷地被縮小。此篇研究論文的目的是

根據元件量子物理的觀念，針對一個 p型的金氧半場效電晶體，在其形成反轉層

時對等效的電洞遷移率建立了一個簡單的計算模型，並將程式模擬的結果和＂普

適曲線＂的實驗結果做比較。 

    較詳細的次能帶結構計算可以由 k∙p 的方法求解一維的薛丁格和波松方程

式得到。而在我們的模型裡面，我們使用了求解 4×4 Luttinger-Kohn 矩陣的特

徵值的方法來得到修正過的次能帶結構。除此之外，我們使用了等效質量的模型

分別去推算量子化等效質量、能態密度等效質量以及導電度等效質量。 

    我們考慮了三個散射模型:聲學聲子散射、光學聲子散射和表面粗糙度散

 i



射。最終，我們建立了一個等效的電洞遷移率模型並將結果和 Takagi 教授在不

同溫度下的實驗結果做比較。 
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                     ABSTRACT 
 

In pursuit of high integration density, high speed and low power consumption, 

complementary metal-oxide-semiconductor (CMOS) devices have been undergoing a 

progressive down-scaling strategy over the past few decades. The purpose of our 

study is to build a simple hole mobility model in the inversion layer of a p-type 

metal-oxide-semiconductor field effect transistor (pMOSFET) based on quantum 

device physics and compare the results with the experimental data on the so called 

universal curves. 

A detailed subband structure calculation is obtained by solving the 

one-dimensional Schrodinger and Poisson equations with a six-band k‧p procedure. 

In our model, however, we have used a modified subband structure which is actually 

the solution of the eigenvalue problem in a 4×4 Luttinger-Kohn matrix. Besides, we 

have also used an equivalent effective mass model to derive the quantization-direction 

 iii



effective mass, the density-of-states effective mass, and the conductivity effective 

mass. 

Three scattering mechanisms are included in our model: acoustic phonon 

scattering, optical phonon scattering, and surface roughness scattering. Finally, we 

build a modified hole mobility model and compare the calculation results with 

Takagi’s data for various temperatures. 
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                    Chapter 1 

             Introduction 
   
The MOSFETs (metal-oxide-semiconductor field effect transistors) technology 

has undergone a scaling-down strategy in recent years. As the device channel length 

shrinks towards nanometer level and below, the underlying assumptions of the 

conventional MOSFET scaling rule are rapidly losing validity. However, the 

incorporation of strain engineering and the use of alternative materials are being 

regarded as a potential way to maintain or even improve the device performance. 

Despite the great quantities of recent researches devoted to the experimental 

investigation of pMOS transistors [3], [4], the development of the numerical 

simulators for pMOSFETs which have the ability to explore the physical properties of 

the two-dimensional hole gas in the inversion layer suffers a lag with respect to the 

nMOSFETs counterpart. In this study, we place an emphasis on building a thorough 

effective hole mobility model of pMOSFETs, and compare the simulation results with 

experimental data. It is noticeable that we have made some simplified assumptions so 

that the overall computational complexity of our model can be dramatically lowered 

compared to a fully numerical treatment. Our approximation seems to be reasonable 

because of the fairly good agreements with the experimental data for three distinct 

temperatures.  
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                  Chapter 2 

      Hole Mobility Model and Theory 

 
2.1  Numerical Solutions of Schrodinger Equation 
 

For an arbitrary potential profile in which a wavefunction is confined as shown in 

Fig. 1, the general Schrodinger equation Eq. (1) can be expressed in terms of a matrix 

equation. This approach is very useful if we are looking for bound or quasi-bound 

states in a spatially varying potential V. Let us assume that the eigenfunction we are 

looking for is confined in a region L as shown in Fig. 1. We divide this region into 

equidistant l mesh points xi, each separated in real space by a distance Δx. The 

wavefunction we are looking for is now of the form Ψ

 

 
                                                       (1) 

2
2

2
− ∇ V E

m
Ψ + Ψ = Ψ

=

 
 

                                                       (2) n n
n

aψΨ =∑
 
 

where ψn is simply the function at the mesh point, normalized within the interval 

centered at xn and being zero outside that interval. We can also write the differential 

equation as a general difference equation 

 

 

                                                                                (3) 
( ) ( ) ( )2

2

1 1 2
2

i i iz z z
V E

m z
Ψ − +Ψ + − Ψ⎡ ⎤
⎢ ⎥Δ⎣ ⎦

=
− + Ψ = Ψ
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Once again, substituting for the general wavefunction Eq. (2) and taking an outer 

product with ψ1, ψ2, · · · , ψl, we get a set of l equations (assume a0 = al+1 = 0, i.e., 

the wavefunction is localized in the space L), which can be written in the matrix form 

as 

 

 
 
 
                                                       (4) 

( )
( )

( )

( )

1 1

2 2

3 3

0 0 0
0 0

0 0 0
0

0 0 0 l l l

A z B a
B A z B a

B A z a

B A z a

ψ
ψ
ψ

ψ

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥

1

2

3 =⎢ ⎥
⎢ ⎥

⎢ ⎥
⎢ ⎥

⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥

⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦

"
"
"
# #
# #
"

 
 
 
 
 

with     
 
                                                              (5) ( ) ( )

2

2i iz V z E
m z

= + −
Δ
=A

                 
 
                                                       (6) 

2

2

 

This l × l set of equations can again be solved by calling an appropriate subroutine 

from a computer library to obtain the eigenvalue En and wavefunction ψn. In general 

we will get l eigenvalues and eigenfunctions. The lowest lying state is the ground 

state, while the others are excited states. 

 
 
 
 
 
 
 

2
B = −

m zΔ
=
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2.2  Luttinger-Kohn Hamiltonian and Subband Structure  
   

In the calculation of the hole mobility in the inversion layer, Schrodinger equation 

and Poisson equation are solved self-consistently to simulate the potential energy in 

the channel. The subband structure and the two-dimensional density-of-states (2D 

DOS) function of each subband are calculated with which the scattering relaxation 

time can be evaluated. Finally, 2D hole mobility is obtained from a linearization of 

the Boltzmann equation. 

Fig. 2 sketches the energy band diagram of a pMOSFET operating in inversion 

mode. We can write the 1D Schrodinger and Poisson equations as follows [5]: 

 
                                                         (7) ( ) ( ) ( ) ( ) ( )0

ˆ , z K nH K k IV z z E K zψ ψ+ ⋅ =⎡ ⎤⎣ ⎦ K
 
 
 
                                                         (8) 

( )2

2
is

d V z
dz

ρ
ε

= −
 
 
  For Si pMOSFETs, holes are confined in the z-direction quantum well formed by 

the Si/SiO2 interface and the valence band edge. Since the hole energy is not 

continuous along z-direction, kz should be replaced by 1
i z
∂
∂

. Besides, we can express 

the potential V(z) as –Eeffz because of the triangular potential approximation. After 

undergoing a transformation of the basis, the Hamiltonian in the Schrodinger equation 

would be transformed to the Luttinger-Kohn Hamiltonian. 

 

The Luttinger-Kohn Hamiltonian matrix can be written as 
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(9) 

( )

( )

( )

( )

2 0 /

32 0
2

32 2 / 2 0
2

0 / 2

30 2
2

3/ 2 0 2 2
2

LK

P Q R R S S 2

2

R P Q Q S S

R Q P S S
H

S S P Q R R

S S R P Q

S S R Q P

+ + + +

+ +

+

+ +

+ +

⎡ ⎤− + −
⎢ ⎥
⎢ ⎥− − − −⎢ ⎥
⎢ ⎥
⎢ ⎥

− − −Δ −⎢ ⎥
⎢ ⎥=
⎢ ⎥− − + − −
⎢ ⎥
⎢ ⎥− − − −⎢ ⎥
⎢ ⎥
⎢ ⎥
− − −⎢ ⎥⎣ ⎦

 
 
 
 
 

 

Finite element method is utilized to compute Schrodinger and Poisson equation 

numerically. We divide the analysis area into a z mesh of Nz points in the interval 

(0,Zmax), where zmax is the sum of the thickness of silicon layer and oxide layer. 

This would yield a 6Nz x 6Nz eigenvalue problem, which can be expressed as the 

tridiagonal block form  

 
 
 
 
                                                         

(10) 

Q

− −Δ

1

1

l

l

l

−

+

⎤ ⎡ ⎤
⎥ ⎢ ⎥

⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥=⋅ ⋅
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⋅ ⋅⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅⎣ ⎦ ⎣ ⎦ ⎣ ⎦

( )

0
1 1

0

0
1 1

0 0
0 0
0 0

l l

l l

l l

D D D
E kD D D

D D D

ψ ψ
ψ ψ
ψ ψ

− +
− −
− +

− +
+ +

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅⎡ ⎤ ⎡
⎢ ⎥ ⎢⋅ ⋅⎢ ⎥

 
 
 
 

where each ( )zψ  is a six-component column vector. D+, D0, and D- are 6x6 

block-diagonal difference operators expressed as below 

 

                                                        (11)       H 2
0 1 2LK z zH H k H k+= +
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                                                        (12) 

H
( )

1 2
22

H
i z z

+

Δ Δ
D = −

 
 
                                                        (13) 

( )
0 2

0 2

2
l

HD H
z

= +
Δ 

 
 
                                                        (14) 

H
( )

1 2
22

H
i z z

− −
Δ Δ

D = −

 
 
   After calculating the eigenvalue problem in Eq. (10) with the aid of MATLAB, 

the desired hole subband E-k relation is obtained [5]. 

 
 
 
 
 
 
 
 
 
2.3  Newton-Raphson Method 

  
The Newton–Raphson method (or Newton–Fourier method) is a well-known 

method for finding successively better approximations to the zeros (or roots) of a 

real-value function. Newton's method can often converge remarkably quickly, 

especially if the iteration begins “sufficiently near” the desired root. First of all, in Fig. 

3, we start with an initial guess, for example, V0, and find the corresponing function 

value R. Secondly, the function is approximated by its tangent line, and one computes 

the V-intercept of this tangent line (which is easily done with elementary algebra). 

This V-intercept will typically be a better approximation to the function's root than the 
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original guess, and the method can be iterated. This iteration process could be 

expressed as a mathematical formula: 

 

                                                 (15) '
1 /n nV V R+ = + R

   

             

  

 

If we write the 1D Poisson equation in Eq. (8) as an operator form 

 
 
 
 
                              (16)                         

2 2

2 2 2

2 2

2 1 0
1 1

1 2 1 2 2
3 31 20

V
V
V

ρ

⎡ ⎤−⎢ ⎥Δ Δ ⎡ ⎤ ⎡ ⎤⎢ ⎥
⎢ ρ⎥ ⎢ ⎥⎢ ⎥− =⎢

 
 
 
 
 
 
 
 
 
 
                              (17)               
 
  
 
 
 
                                                (18)        
 
 
 
                                                         (19) 
 
 
 

ρ
⎥ ⎢ ⎥Δ Δ Δ⎢ ⎥

⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦
⎢ ⎥−
⎢ ⎥Δ Δ⎣ ⎦

Let AV= ρ , where 

2 2

2 2 2

2 2

2 1 0

1 2 1

1 20

A

⎡ ⎤−⎢ ⎥Δ Δ

⎢ ⎥= −⎢ ⎥Δ Δ Δ
⎢ ⎥
⎢ ⎥−
⎢ ⎥

⎢ ⎥

Δ Δ⎣ ⎦

1
2
3

V

V

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

V V

1
2
3

ρ
ρ ρ

ρ

⎡ ⎤

⎢ ⎥⎣ ⎦

⎢ ⎥= ⎢ ⎥
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In order to accelerate the calculation speed of self-consistent procedure, we apply 

Newton-Raphson method when solving Poisson and Schrodinger equations 

self-consistently. We can hence express the Poisson equation as follows: 

 
                                                        (20) R AV Rho= − +

 

                                                        (21) ' '
1 /n n

dR dRhoV V =R R R A
dV dV+ = + ⇒ = − +

 

 

 Fig. 4 is the flow-chart illustrating the self-consistent procedure. First, we start 

with the 1D Schrodinger equation, as revealed in Eq. (7), along with an initial guess 

surface potential Vs and with the depletion region width d = 50 nm, or expressed as 

 

                   ( ) s
eff

VV z E z z
d

= − = −                        (22) 

 
As mentioned in Section 2.2, we would obtain the hole E-k relation and 

corresponding wavefunction if the potential profile is given in the 1D Schrodinger 

equation. Using the calculated E-k relation, we could derive the effective 

two-dimensional density-of-states (2D DOS) (see Section 2.4) and two-dimensional 

carrier density. Substituting the two-dimensional hole density in the 1D Poisson 

equation, we have 

( ) ( )2
2

i i

D dep

S S

ep z Nd V z
dz

ρ
ε ε

⎡ ⎤+⎣ ⎦= − = −                     (23) 

where ( )2Dp z  is the two-dimensional hole density and  is the depletion charge. 

Finally, we obtain a new potential 

depN

( )V z  to satisfy Equation (23) and continuously 

iterate the procedure. 
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2.4 Equivalent Effective Masses 
 

The quantization-direction effective mass mz in the direction orthogonal to the 

Si/SiO2 interface has been extracted by comparing the lowest energy level E0 of each 

subband (as obtained in Section 2.2) with the corresponding value given by the Airy 

formula [6], that is 

 
                                                         (24) 

1/3 2/3 22 2

0 3
0

9 9
2 8 2 8z

z

eF eFE m
⎛ ⎞

m E
π π⎡ ⎤ ⎛ ⎞= ⇒ =⎜ ⎟ ⎜ ⎟⎢ ⎥⎣ ⎦ ⎝ ⎠⎝ ⎠

= =

 
 
 
where F is the transverse electric field. Despite the fact that the band structure is 

field-dependent since the external field would lift the degeneracy of the valence band 

at the  point, field dependence of the heavy-hole band is weak. We could choose a 

constant value of the quantization effective mass of heavy-hole equal to 0.29m

Γ

0 for 

fields up to 1 MV/cm. On the contrary, the field dependence of the light-hole band is 

more sensitive. For most of our purposes, a constant mz of 0.23m0 has proven to be 

accurate enough to describe the light-hole while both the field and doping 

dependences have been neglected [7], [14]. 

Empirical description of the warping close to the Γ point can be expressed as 

follows 

 
 
 
                                                        (25) ( )

2
2 2 4 2 2 2 2 2 2 2

02
E AHH x y y z z xk B k C k k k k k k

m
⎡ ⎤= − − + + +⎢ ⎥⎣ ⎦

=

 
 
 
                                                        (26) ( )

2
2 2 4 2 2 2 2 2 2 2

02
E ALH x y y z z xk B k C k k k k k k

m
⎡ ⎤= − + + + +⎢ ⎥⎣ ⎦

=
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Where A, B, and C are constants. In order to derive the two-dimensional 

density-of-states (2D DOS), we have made an intuitive assumption, i.e., let 

cosxk k θ= , sinyk k θ=  and 0zk = . 

 

                                                               (27) ( ) ( )
2

2 2 4 2 4 2 2
,2

0

cos sin 2
HH D k B k C k g k

m
θ θ θ⎡ ⎤= − − + =⎢ ⎥⎣ ⎦

=
2

E A

 

                                                               (28) ( )
2

2 2 2 2

0

cos sin
2

g A B C
m

θ θ⎡ ⎤= − − +⎣ ⎦
=θ

 

where ( )g θ  is a function independent of wavevector k. The number of states per 

unit area of k-space can be written as 
( )

2

2 22
D

dk
N

π
= ∫  [8]. In polar coordinate system, 

we obtain 

 

( )

2

2 2 2 2

1 1
4 42

D

dk dEN kd dk dE
dk

θ θ
π ππ

= = =∫ ∫ ∫ ∫ ∫
 kd

 

 

                                                               (29) ( ) ( )
2

2 2
0 0

1 1

 

As a consequence, the two-dimensional density-of-states (2D DOS) can be 

expressed as the following form 

 

                                                                

(30) 

 

The effective mass for the density of states, mDOS, has been derived from 

4 2 4 2E

dE dkd dE
g k g

π

θ

θθ
π θ π θ

∞

= =

= =∫∫ ∫ ∫

( ) ( ) ( )
2 2

02
2 2 2 2 2 2 2

0 0

1
4 2 4 cos sin

D mdN d dD E
dE g A B C

π π

θ θ

θ θ
π θ π θ θ= =

= = = −
− +

∫ ∫=
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                                                                              (31) 
( ) ( )

( ) 2

p v DOS

p

D E f E dE g m
f E π∫ =dE

=∫

 

where the left hand side is the density of states occupied by holes. The function D(E) 

is the density of states and fp(E) is the hole occupation probability function. The right 

hand side is instead the density of states for a parabolic band with an equivalent 

effective mass mDOS and gv being the band degeneracy [7]. The density of states 

derived in effective mass approximation is shown in Fig. 5. 

   Note that we have neglected the electric field and doping dependences on the 

effective masses and regarded them as constant values, as summarized in Table 1. 

 

 

 

 

2.5  Phonon Scattering Mechanisms 

    

Carriers migrate through the crystal with properties determined by the periodic 

potential associated with the array of ions at the lattice points. Vibration of the ions 

about their equilibrium positions introduces interaction between electrons and the ions. 

This interaction induces transitions between different states. And this process is called 

phonon scattering. Phonon scattering can be categorized to acoustic phonon scattering 

and optical phonon scattering based on the phase of the vibration of the two different 

atoms in one primitive cell. Both contribute to the momentum relaxation time. 

Acoustic phonon energy is negligible compared with carrier energy, while optical 

phonon energy is about 61.3meV for silicon and 37meV for germanium at long 

wavelength limit. 

 11



Using the subband energy and the wavefunction provided by the self-consistent 

calculation, phonon-limited mobility, which consists of acoustic phonon mobility and 

optical phonon mobility, can be calculated under the momentum relaxation time 

(MRT) approximation. More precisely, for the acoustic phonons, the relaxation time 

in the band (i,j) is given by [9], [10] : 

 

                                                               (32) 

 

                                                               (33) 
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where  denotes the deformation potential due to acoustic phonon,  is the 

valley degeneracy, 

acD ac
vkn

ρ  is the mass density of the crystal,  is the longitudinal sound 

velocity,  is the form factor determined by the wavefunctions of the ith and the 

jth subbands and U(x) is the step function. Whereas for optical phonons, we have 

ls

,i jW
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where “+” means phonon emission and “-“ means phonon absorption. k and k’=1, 2, 

and 3, meaning HH, LH, and SO, respectively.  and mfD mfE  are the deformation 

potential and the energy of the mth intervalley phonon, respectively.  is the mN
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occupation number of the mth intervalley phonon. 

 

 

 

 

2.6  Surface Roughness Scattering Mechanisms 

    

The physical meaning of the surface roughness may be briefly shown in the 

simple schematic illustration in Fig. 6 [11]. Let us assume that the interface is shifted 

by a quantity  with respect to its average position. In the same region, the 

wavefunction will also be shifted by 

Δ

Δ (dashed line). Therefore, the average potential 

at the centroid of the carriers is approximately raised by EeffΔ . It is well known that a 

potential change would result in scattering and consequently act as a perturbation of 

carrier transport [11], [12]. 

Before entering a more detailed analysis, we have to make an important 

assumption that the single subband approximation is quite accurate. Since most of the 

holes are in the first subband, we have restricted our calculation to intrasubband 

transitions. The resulting formulation for the surface roughness relaxation time SRτ  

is 

 

                                                               (37) 

 

where ( )SRV q  is the scattering matrix element. θ  is the angle between the initial 

wavevector Ki = ( Ki ,θ ) and the final wavevector Kj = ( Kj, θ β+ ). q is the 

magnitude of the wavevector change 2 2 2 2 cosi j i jq k k k k θ= + − . The scattering matrix 

( )( ) ( ) ( ) ( ) ( )(
'

2 '1 2 1 cosSR
SR q k k

V q E k E k
E k

π )θ δ
= −

= − −∑=τ
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element ( )SRV q  has been implemented according to Ando’s model [13]. Ando 

constructed a more accurate model by taking the following two effects: the dipole 

correction to scattering potential, due to the oxide deviations from perfect planarity, 

and the effects of the image charges, due to the dielectric constant discontinuity at the 

SiO2/Si interface. Hence, the scattering matrix element is written as 

 

 

                                                               (38) ( ) ( ) ( )

 

where is the wavevector-dependent dielectric constant accounting for the 

screening capability of the hole gas, i.e., we have modified the perturbing potential 

( )r qε

( )SRV q  by multiplying a correction factor ( )1/ r qε . ( )S q  is a Gaussian power 

spectrum of the surface roughness 

 

                                                               (39) 

 

where and are the root-mean-square value of the asperities and the correlation 

length, respectively. The and values used in this work and their comparisons 

recently reported in other literatures are listed in Table 2. 

Δ Λ

Δ Λ

( )2 qΓ  contains all the remaining electrostatics (basically depending on ). 

By definition, 

2
effE

( )2 qΓ can be expressed in terms of the wavefunction derivative at the 

SiO2 / Si interface located at z=0: 

 

( )

2
2

SR
r

S q q
q
Γ

= 2V q
ε

( ) ( ) ( )( )4 / 42 q
eπ
− Λ

= ΔΛS q
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   It is noteworthy that the temperature has a strong dependence on the 

wavefunction. As a matter of fact, ( )qΓ  can be separated into two individual parts 

and summed up as follows: 

 

                                                               (41) ( ) ( ) ( )immq qγ γΓ = q+

 

   The first term  accounts for the potential perturbation due to real charges, 

while 

( )qγ

( )imm qγ  is the correction due to their images. The term ( )qγ  can be written 

as ( )effeE qΦ , where  is a slowly varying function of q that decreases from 

one to 

( )qΦ

/ox Siε ε  when q . As shown in Fig. 7, →∞ ( )qγ  changes less than 25% 

when q spans from zero to 17 110 cm− . We can therefore claim that  shows a 

linear dependence on 

( )qγ

effE  approximately. According to Fig. 7, Since the ratio 

 is nearly a constant over the q range of interest in the scattering problem, 

hence 

( ) ( )/q qγΓ

( )qΓ  can also be considered linearly dependent on effE . 

 According to Fig. 8, the average spatial extent of the inversion layer carriers from 

the surface  would decrease when the temperature drops [6]. Hence the surface 

roughness scattering would become more noticeable at lower temperatures. In our 

surface roughness scattering model, we have introduced a temperature-dependent 

factor nfac, together with the linear dependence on 

avz

effE . As a consequence, we can 
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obtain 

 

                                                               (42) 

 

where 

 

 (43) 

 

 (44) 

 

     Based on detailed calculations of the surface scattering matrix element ( )SRV q  

[13], we have inferred a simple analytical formula accounting for the main functional 

dependencies of SRτ  on effE  and temperature for holes. The two-dimensional 

mobility is derived in the following section. 

 

 

 

 

2.7  Derivation of Two-Dimensional Mobility 

 

Since the inversion layer carrier in the MOS system is quantized along the 

out-of-plane direction, we must consider the quasi-2D case when calculating the 

mobility of the MOS system. Starting with the current density per unit length J 

( J=I/W) and n the carrier concentration per unit area, we can write 
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where f0 is the Fermi-Dirac distribution function under equilibrium and f is the 

first-order Taylor series expansion with respect to energy E, i.e., f is the Fermi-Dirac 

distribution function under applied electric field ε: 
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where 
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0 24
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π∫ iv  is zero since no current flows under equilibrium. Using the 

concept of conductivityσ , the current can be expressed as follows: 
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    According to the relation between the conductivity and mobility, we obtain: 
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The details of the expression above are derived in the polar coordinate, and we 

have used the following definition: 
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k
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If we separate the θ -dependent terms and θ -independent terms from Equation 

(50), we could write the 2D mobility as follows: 
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  Finally, we could define the conductivity mass and the mean scattering time: 
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Note that both ( )f θ and ( )g θ  have the units of the , so 1/ mass DOSm  and 
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Chapter 3 

     Simulation Results and Comparison 
 

  Based on simulated subband structure in Fig. 9, as mentioned in section 2.2, the 

equivalent effective masses i.e., quantization-direction effective mass (mz), 

density-of-states effective mass (mDOS) and conductivity effective mass (mc) for 

heavy-hole (HH), light-hole (LH) and split-off hole (SO) can all be extracted as 

shown in the following Fig. 10 and Table 1. 

  In accordance with the assumptions we have made when calculating the hole 

subband energy dispersion relation in the inversion layer of pMOS transistors, we 

further present a simplified physics-based model to describe the hole mobility, which 

mainly consists of the phonon-limited mobility phμ  and the surface-roughness-limited 

mobility srμ . We have simulated many different cases with different substrate doping 

concentration and within a temperature range from 50K to 300K. The model 

parameters are: oxide thickness = 2.5nm, and poly doping concentration = 

2.2x1020cm-3. Fig. 11 shows the mobility components for the substrate donor doping 

concentration ND = 1.6x1016cm-3 and temperature T=300K. According to 

Matthiessen's rule, the total mobility, totalμ , is described by  

 

1 1
total ph sr

1μ μ μ− −= + − .                         (57) 

 

Fig. 12 shows the simulation results of two-dimensional hole mobility. We 

compare the simulation results with the experimental data of Takagi [2] in three 

different temperatures of 77K, 153K, and 300K. We adjust the model parameter by 
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fitting these data [2]: When T=77K and ND=2.7×1017cm-3, nfac=9; when T=153K and 

ND=5.2×1015cm-3, nfac=5.4; and when T=300K and ND=1.6×1016cm-3, nfac=1.6. The 

surface roughness parameters are Δ =2.7 Å and Λ =10.3 Å. 

 It is noticeable that there is a considerable deviation between simulation results 

and experimental data in low effective electric field region and at extremely low 

temperature. A reasonable physical explanation of this discrepancy is that we have 

eliminated Coulomb scattering mechanisms in our model. As mentioned in Section 

2.6, surface roughness scattering would dominate the scattering mechanisms at low 

temperature, so the maximum nfac value occurs at the lowest temperature. If we plot 

nfac as a function of temperature, it could be shown that nfac drops quickly as the 

temperature increases from 50K to 300K. The minimum value of nfac is 1, which 

occurs at room temperature, as shown in Fig. 13. In our simplified model, we have 

replaced the calculation of the wavefunction derivative at the SiO2/Si interface located 

at z=0 in Eq. (40) with a parameter nfac, which is a function of temperature. Hence, 

the computational complexity of our model is much smaller compared to a fully 

numerical treatment [10]. 
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Chapter 4 

 Conclusion 

 
   In summary, we have presented a simplified model for the hole mobility in the 

inversion layer of pMOSFETs. The equations in the model and the physical meanings 

of its parameters are apparent. In fact, the parameters are extracted by best 

curve-fitting to the experimental data as cited in Takagi’s paper [2]. It is noticeable 

that at room temperature, our simulation results fit the experimental data well in the 

entire effective electric field range. However, at extremely low temperature, for 

example, 77K, there is a discrepancy in low effective electric field region. A possible 

explanation for this error is, according to the universal curves in [2], that phonon 

scattering becomes negligible and surface-roughness-limited mobility srμ would 

dominate the scattering mechanism in high effective electric field region at low 

temperature, but the importance of Coulomb scattering would increase in low 

effective electric field region. However, Coulomb scattering was not included in our 

model.  

Among the many topics in the future research, some important ones could be 

listed as follows: mobility enhancement in strained-silicon pMOSFETs, and mobility 

enhancement in one-dimensional silicon nanowires since physical fluctuations (like 

surface roughness) has a strong impact on the transport of silicon nanowires. 
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Doping Concentration  

ND =1x1016cm-3   

HH LH SO 

mz 0.29m0 0.23m0 0.225m0

mDOS 1.235m0 0.748m0 0.893m0

mc 0.99m0 0.6m0 0.89m0
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Reference Surface roughnessΔ  (Å) Surface roughnessΛ  (Å) 

This Work       2.7       10.3 

Michielis et al. [10]       5.5       26 

Wang et al. [15]       7.58       20 

Fischetti et al. [5]       4.0       26 

Oberhuber et al. [16]       5.0       20 

 

 

Table 2 
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