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Abstract

An analysis of the errors caused by Matthiessen’s rule between the apparent

universal mobility which-is-calculated by Matthiessen’s rule and the simulated
universal mobility curves are presented in this thesis. To focus on the high surface
field region, the universal mobility features two distinct scattering mechanisms: one
of phonon alone and one of surface roughness alone. By means of the
experimentally-validated simulation package consisting of a self-consistent solving of
Schrédinger and Poisson’s equations and a universal mobility simulation program, we
try to correct the experimental error of applying Matthiessen’s rule to MOSFET

mobility universality. Thus, the aim of this work is to devise an error-free version of
Matthiessen’s rule. The core of the new rule lies in a physically- based semi-empirical
model, which explicitly expresses the errors due to the conventional use of
Matthiessen’s rule as a function of both the lowest subband population and the relative

strength of individual mobility components. The new model holds under practical
conditions (with temperatures up to 400 K) and in a broad range of substrate doping
concentrations (10 to 10 cm™). Extension to the case of strain is also presented in

terms of a uniaxial tensile stress of 500 MPa.
I



Acknowledgements
BAL g o A - B G § iR T - BATRE S 1 F R FlAp
FORMEE L LW R M TR AL P F R E 512 SR A hrer
RGBT B UREEORE T AN G RIS A e o RE 2 5 F 5
PRy A page s Apy RS LI F I F R R Ao R ES

BAFp L A AR REEYS P c REHAP NIRRT HELE - F

BB EE S B PR AL B A SR T o T A ER L AR
(B T RTINS S S LRy 3 RIS Y TR

9 ‘—5-]‘,(; ;"p—é:,’

e, .
S |



Contents

ChiNese ADSIIACT. ... .. e e e I
English ADSTract. ... .. ..o ]
ACKNOWIEAZEMENES. ... .ttt Il
COMEENLS. . .t v
FIQUIE Captions. ... ..uieit it ettt et et et et e e et et et et e e aaas \Y
Table CaPtiONS. .. .veient ittt e e E o e dh e et e et et e et et et e et eaeaneeeenneenas IX
Chapter 1 INtrodUCTION. . . ..ot e et e et 1
Chapter 2 Physical Theory for Quantum Simulator NEP.............................. 3
2.1 Schrdédinger and Poisson Self-consistent “NEP” in n-MOSFETs.................. 3
Chapter 3 Electron Mobility Model.......... ... 7
3.1 Intre@ngtion. ... Bl Bl Bl ... SO . ... R .. ... 7
3.2 Phonon Scattering MechaniSm.............ccooi it 8
3.3 Surface Roughness Scattering Mechanism.....................c.cc.coeeiienenn.. 10

3.4 Derivation of Two-Dimensional Mobility in the Universal Mobility Region...12

3.5 Coulomb Scattering Mobility Model with lonized Impurities in Substrate

Region g . ... B V7 _o W B el ... &V 8% ......... 13
3.6 The Effective Electron Mobility Calculated by Matthiessen’s Rule............ 15
Chapter 4 Result and DISCUSSION...............ooveiiint ittt araeaeareanannnn, 18
A1 INrodUCION. . .....e i e e e et e e 18

4.2 The Model of the Error Produced by Matthiessen’s Rule....................... 18

4.3 Correction Model of Matthiessen’s Rule.........ooov i, 22
Chapter 5 ConCIUSION. ... ..o 24
2 (2] (5 110 T 25



Figure 2.1

Figure 2.2

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 4.1

Figure Captions

The energy band diagram of a poly gate/SiO2/p-substrate system..... 27
The flowchart of Poisson and Schrddinger self-consistent solving
S0 ol o (1] TSR 28
The simulated universal mobility (lines) versus vertical effective
electric field with substrate doping concentration (Ngyp) as a
parametel, .S W N S AW A . ... 29
The simulated universal mobility (lines) versus different definitions of
vertical effective electric field with substrate doping concentration
(Nsub) as..a. parameter in surface roughness’s model: (a). The
experimentally “empirical formula. (b). The vertical electric field
defined in EQ.(3.1.1) [11]. .ooriniiiii e 30
The comparison of the data (symbol) [6] and ionized impurity limited
mobility - curves by simulated (blue line) and be extracted by
Matthiessen’s rule (red line) versus . different substrate doping
concentrations for an inversion layer Ni,,=10* cm? at 300 K.......... 31
Calculated the error Er,imp (lines) which be defined in Eq. (3.6.4)
versus inversion layer concentration for six different substrate doping
concentrations (102 t010® cm®) at 300 K.........oovveeeeeeeei 32
The error E;imp defined in Eq. (3.6.4) versus substrate doping

concentration for an inversion density and to simulations with Fig. 3.

Comparison of simulated electron total mobility (lines) with the
experimental one (symbols) [10] versus vertical effective electric field

with A = 2.9A and A =14.9 A for (a) six substrate concentrations and
\Y



Figure 4.2

Figure 4.3

(b) four temperatures of 397K, 342K, 242K, and 297K. ............... 34

Simulated universal mobility, phonon limited mobility, and surface
roughness limited mobility (lines with symbols) versus Egs for
New = 107 cm™ at 300K. The apparent universal mobility (lines)
obtained by Matthiessen’s rule and hence the errors are together plotted.
The arrow indicates the critical Eg where phonon and surface
roughness limited mobilities have the same value. The inset shows
corresponding population of two lowest subbands. ...................... 35
The apparent universal mobility (lines) obtained by Matthiessen’s rule,
simulateduniversal mobility, phonon limited mobility, and surface
roughness limited mobility (lines with symbols) versus Eeff for (a)
Nsub =5x1017 cm-3, (b) Nsub = 1017 cm-3, (c) Nsub=1016 cm-3, (d)
Nsub = 1015 cm-3, and (e) Nsub = 1014 cm-3 at 300K. The arrow
indicates the critical Eeff where phonon and surface roughness limited
mobilities have the same value. The inset shows corresponding

population of two lowest subbands..............co.oci i 36

Figure 4.4 The universal mobility (lines) obtained by Matthiessen’s rule, simulated

universal mobility, phonon and surface roughness limited mobilities

(lines with symbols) versus Eeff for (a) Nsub =10® cm?,

(b) Nsub = 5x10% cm=, (c) Nsub = 10* cm?, (d) Nsub = 10%* cm?,
(e) Nsub = 10* cm?®, and (f) Nsub = 10* cm® at 200K. The arrow
indicates the Eeff where phonon and surface roughness limited
mobilities have the same value. The inset shows corresponding

population of two lowest subbands.......................coo 39

\



Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

The universal mobility (lines) obtained by Matthiessen’s rule,
simulated universal mobility, phonon and surface roughness limited
mobilities (lines with symbols) versus Eeff for (a) Nsub =10 cm?, (b)
Nsub = 10" cm?, () Nsub= 10" cm*, and (d) Nsub = 10 cm* at 100K.
The arrow indicates the Eeff where phonon and surface roughness
limited mobilities have the same value. The inset shows corresponding
population of two lowest subbands...................oo 42

Electron effective mobility data (symbols) [10] for five substrate
doping concentrations at 300K versus vertical effective electric field
Eerr. Simulated universal mobility curves (lines) are shown. Dacis the
acoustic deformation potential; Dk is the deformation potential of the
k-th intervalley phonon; A is the surface roughness correlation length;
and A is the surface roughness rms height....................ccooeeeeo .. 44
Scatter plot (symbols) of the simulated peak error and corresponding
lowest subband population, created from different substrate doping
concentrations (10** cm™ to 10 cm™), with temperature as a parameter.
The calculated results (dashed lines) using Eq. (4.2.4) are shown.....45

Extracted (symbols) pre-factor a in Eq.(4.2.4) versus temperature. The
best fitting (dashed line) isshown..................coooiiiiiiinns. 46
Fitted temperature (symbols) power-law exponent y in Eq.(4.2.4)
versus temperature. The best fitting (dashed line) is shown............. 47
Comparison of simulated (symbols) and calculated (lines) errors for
five different substrate doping concentrations at 300 K, plotted as a

function of the ratio of phonon limited mobility and surface roughness

VIl



Figure 4.11

Figure 4.12

Figure 4.13

limited Mobility. ... 48
The total mobility (lines) obtained by Matthiessen’s rule, simulated
total mobility, phonon and surface roughness limited mobilities (lines
with symbols) versus Eeff for (a) Nsu» =10 cm™, (b) Ngyp = 5x10"
cm, () Neus = 107 cm®, (d) Neuw = 10%° cm™®, and (e) Ny = 10*° cm’®
at 300K. The arrow indicates the Eeff where phonon and surface
roughness limited mobilities have the same value. The inset shows
corresponding population of two lowest subbands........................ 49
Scatter plot (symbols) of the simulated peak error E;max and the peak
error E;i (hollow squares) versus corresponding lowest subband
population; created from different substrate doping concentrations (10
T 4P o .. ... .. 52
Scatter plot (symbols) corresponding to Figure 4.7 but under a uniaxial
tensile stress of 500 MPa. The calculation results (dashed lines) came
from Eq. (4.2.4) with the pre-factor a =-0.018+ 2.69x10* T and the

power-law exponent y = 1/(0.042 - 9x10™* T)..........cc.oociveiinnn. . 53

VIl



Table Captions

Table I Electron scattering and physical parameters for Si used in this work and

comparison with the literature values....................cooooiiiiiiiiinn 54




Chapter 1

Introduction

As we know, the mobility in the inversion layers of nMOSFETS can be limited to
three primary scattering mechanisms: ones is the surface roughness scattering at
SiO,/Si substrate interface; second is the acoustic/optical phonon scattering in
inversion channel region; and the final mechanism is the Coulomb impurity scattering
due to the ionized impurity atoms in substrate depletion region.

Because of its additive property of reciprocal mobility components,
Matthiessen’s rule In principle may be a useful tool to probe individual scattering
mechanisms in the inversion-layers of NMOSFETSs. It has been pointed out earlier by
Stern [1] that the errors due to the use of Matthiessen’s rule will be mare than 15% for
temperatures over 40K. Since then, there have been four fundamentally different
methods concerning the validity and applicability of Matthiessen’s rule [2]-[7] as
published in the literature. First, Matthiessen’s rule must be carried out under the
extreme or impractical conditions such as very low temperatures (near absolute zero)
[2]. second, sophisticated numerical simulations on individual mobility components
with no need to account for Matthiessen’s rule [3] were used instead. Third, while
assessing mobility components individually [4], [5], the errors caused by
Matthiessen’s rule were overlooked for the engineering purpose. Fourth, mobility
simulations were performed to deliver the errors of mobility components extracted
with the rule [3], [6], [7]. On the other hand, the current understanding of the error of
Matthiessen’s rule has been significantly improved.

In this thesis, we propose a new method in terms of an error-free version of

Matthiessen’s rule. This method is demonstrated in the universal mobility region and



takes the practical situations into account. The merit of the method is that it can
correct the error of Matthiessen’s rule and thereby ensure the applicability of the rule.
Importantly, Stern [1] suggested the relative strength of individual mobility
components as one origin of the errors. The other origin in terms of the subband
population was put forward by Fischetti, et al. [3]. The establishment of the method in

this work is closely linked to these two origins.




Chapter 2
Physical Theory for Quantum Simulator NEP

2.1 Schroédinger and Poisson Self-consistent “NEP” in

Nn-MOSFETs

Self-consistent fully solving of Poisson and Schrédinger’s equations in n-channel
MOSFETSs (metal-oxide-semiconductor field-effect transistors) [10] is introduced in
terms of our Nano Electronics Physics “NEP” simulator.

The time-independent. Schrodinger equation in the quantum mechanics can be

expressed in terms of a matrix equation:
hZ
—— V¥ +VY=E¥Y (2.1)
2m

Eq.(2.1) can be written as a general differential equation by the finite element

method:

_h_z[‘{j(xi—l) = 2\P(XI) ) LIJ(Xi+l)
2m AX

¥=>ay, (2.3)

J+V () (%) =EY(X) (2.2)

where W is the wave-function which be assumed that it is confined in a small region

of Wq. Here Wy includes the entire inversion region. Generally, the wave-function ¥

dividing this region into  intervals of the equal-distance Ax =W, /n can be expanded
by an orthogonal basis set{t,//n}. Eventually, we solve the self-consistent Poisson and
Schrédinger equations by Newton’s method. Thus, the simulating results would
contain the n eigen-values (E,) corresponding to the n wave-function (y,). The

smallest eigen-value is defined as the ground state and the others are defined as the
3



excited states.

We give the schematic energy band diagram and physical environmental setup in
Figure 2.1. The band diagram of silicon substrate along the out-of-plane direction is
separated into two parts: one is the surface quantum confinement region (Wgyyantum)
and the other is the bulk classical region (W,;qssicat)-

In the former region, the carriers are confined in this shallow region, where we

meshed 300 intervals of width dz, =0.2 nm to make sure the simulation accuracy.

In the later region, we adopt the conventional formula; that IS, (W,,qsice:) 1S divided
into 100 intervals with a width of dz; =% It can significantly reduce the

computational time but not-lose the accuracy. Additionally, the conduction band edge
at the interface is set to be zero of energy in n-MOSFEETSs.

The common self-consistent step with the flowchart is illustrated in Figure 2.2.
Firstly, we guessed the surface band bending Vs into the Poisson equation with the
boundary. conditions V =9y =Vs and V =puxy =0. Then, it would obtain the
corresponding initial potential profile V(z), thus along with V(z) to calculate 1D
Schrédinger equation, as revealed in Eq.(2.1).

We can obtain the eigen-values and the wave-function as been mentioned in the
previous paragraph. Moreover, we summarize the basic formulation and the iteration
procedure we use to perform a self-consistent solution. In the surface quantum
confinement region, the three-dimensional carriers in terms of electrons density
nsp(z) and holes density p;,(z) can be described by

nso(z) = Z ]E DOSi,j (E)ZD f(E)dE "\Pi,j (Z)‘Z

=



i Ef —E j
=g, T;gs ksT In(1+e( a )J-\‘Pi,j(Z)\2 (24)

i

po(@ =3 | DOS, (B),o (- f(E)CE-|¥,,@)f

Euj—Eq

Z OS k Tln{1+e KT )J"‘Pu,j(Z)‘z (2.5)

u,j

where i and u are the electron valley index and the hole valley index, respectively. j is

the subband index, and g; and g, are the degeneracy of the ith valley and uth valley,
respectively;. miss and mg., are the density of states electron and hole effective

mass, and E;j and E,; are the electron and hole energy levels. The corresponding

wave-functions ¥, ; and ‘¥, are all normalized. The carrier density in the bulk

classical region is given by:

n(z) = % 1/2 (Mj (2.6)

pmmjw{wq @7)

where N and N are the conduction-band density of states and valence-band density
of states, and Fy/, is the Fermi-Dirac interal. Substituting these into the 1-D Poisson

equation, we obtain

dV(2) __—e[=N;(2)-n(@)+ p(2)]

dz &

(2.8)

where N (z) is the ionized donor density. Ultimately, we can get a new potential V(z)
to satisfy Eq.(2.8) and use Newton’s method to iterate the step continuously until the
final potential profile V(z) is obtained, within a tolerable error. The two-dimensional

electron density can be described as



E(—E
=0, ';_IOSkTIn(He kT J (2.9)

and the total inversion layer charge density is given as

N|nv =Zni,j (210)
i

The average inversion layer thickness Z,, is written as
n . bulk :
_ i j
N _Z[N— ! 2%, ;(2) dz} (2.11)

The potential calculation for the high doping poly-silicon gate situation is

demonstrated as:

N
o =K T In(M) (2.12)
n

where Vi, IS the flat band voltage, kg is the Boltzmann’s constant, Ny iS the poly gate
concentration, Ng, IS the substrate doping concentration and n; is the intrinsic

concentration. The poly gate voltage and oxide voltage are shown below:

2
Vooy =7 o (2.13)
2eN
vV t tousiFs
Eox (2.14)

where t is the oxide thickness, &g and &, are the dielectric constant of the

silicon and oxide, respectively, and the surface electric field is given by

F - V(z:l) _V(z:z)

2 e . Finally, the total gate voltage can be expressed as

Vg =V, +Vo +Vy +Vo, (2.15)

where V, indicates the surface band bending determined by the potential profile in

the silicon substrate.



Chapter 3
Electron Mobility Model

3.1 Introduction

In this section, we use the sub-band energy and the wave function provided by
our NEP simulator to calculate the universal electron mobility under the relaxation
time approximation. Then, we obtain corresponding mobility by only considering
lowest four subbands in twofold valleys and two subbands in fourfold valleys.

In addition, we discussed the momentum relaxation rates caused by scattering
with phonons and surface roughness which can be considered the expression of the
universal mobility curve.

We also quoted the detailed model in a textbook by Lundstrom [9] to deal with
the Coulomb scattering with ionized impurities in substrate of n-type polysilicon gate
(n-polygate) to compare with the calculated ionized impurity mobility extracted by
using Matthiessen’s rule. Validity of Matthiessen’s rule will be addressed in Chapter 4
as well. Figure 3.1 illustrates that the calculated universal electron mobility is

insensitive to the substrate concentrations or process parameters when plotted as a

function of high effective field (Eg ). In addition, E, can be defined via the

empirical formula:

_ e'(77Ninv + Ndep)
gsi "90

Eeff

(3.1.1)

where 7 is taken as 0.5. We determined the inversion carrier concentration (N;,, )

and the surface concentration of the depletion charge (N,,) by NEP. Eventually, all

dep

of the scattering parameters used in this work are listed on Table I.
7



3.2 Phonon Scattering Mechanism

As we all know, lattice vibrations will deform the crystal deformation potential,
perturbing the dipole moment between atoms, and causing the degradation of
inversion layer mobility due to the pressure waves which result from the lattice
vibrations.

The mechanisms of phonon scattering can be classified into the acoustic
phonon scattering and optical phonon: scattering; acoustic phonon scattering
displaces nearby atoms in the same directions and optical phonon scattering
displaces adjacent atoms in opposite directions. Acoustic phonon energy is smaller
than carrier energy while the ki, intervalley f-type phonon energy Ey 1s 59 meV, and
the ki, Intervalley g-type phonon energy Eyg) Is 63meV according to the phase of the
vibration with the two different atoms in one primitive cell.

Intravalley phonon scattering only considers acoustic phonons, thus according

to Takagi, et al. [10], the momentum-relaxation rate z;;" (E) from the m;, subband to
the ny, subband is written as:

1 jv Ny D) kT 1 2
T "‘;"”( x) ko W, =([ 0} ()i (2)d2) (32.0)
Z-ac(2/4) h p(5|) Wm,n

m,n

where the index of (2/4) in" 7., represents twofold valleys and fourfold valleys,

respectively, n% (=2)and n% (=1) are the degeneracy of the twofold valleys and

fourfold valleys with regard to intravalley scattering, respectively. Dy (=13 eV)

means the deformation potential due to acoustic phonons, pis the crystal density,

s, is the longitudinal sound velocity, W,  is the form factor decided by the

wave-functions of the m-th subband and the n-th subbands, which expresses the



interaction’s effective thickness in the z-direction. It is the main difference of the 2D

and 3D cases. kg is the Boltzmann constant, and 7 is the Planck constant divided by

2x. The total scattering rate in the my, subband is decided by summing up 7" within

all the subbands where can be written as

1 Z U(E-E,)
T::;(ZM) (E) S Tac(2/4) (E)

(3.2.2)

where U (x)(=1(x>0) and 0(x<0)) is a step function.

For intervalley phonon scattering, the momentum-relaxation rate 7,1 (E)

from my, subband in twofold valleys to the ny, subband in fourfold subband, according

to Takagi, et al. [13], can-be written as

On!, Mg (D) 1 L .S R\ e 224
TINTERZ(E) zk: 271,0E Wn']’n (Nk - 2 & 2) 1- f(E) U(EFE -E)) (3.2.3)
= ([ 22(2)0.” (2)el2) (3.2.4)

where n’,_, (=4) indicates the degeneracy of the valleys for intervalley scattering,

m,, is density-of-states effective mass of the final state (fourfold valley), E,and D,

are the deformation energy and potential for the ky, intervalley phonon. In addition, “+”

means phonons emission and “ — ” means phonons absorption in the signs

(N L1, 1} and N, signifying the occupation number of the ky, intervalley phonon is
272

defined as

Ny=— = (3.2.5)
[eXp( )1]

In the same way, the relaxation time 7.y, '(E) from my, subband in fourfold valleys

into the ng subband in twofold subband, and 7,1, (E) from my, subband in



fourfold valleys into the ny, subband in fourfold subband are described as

3 2 _ _

_anazmdz D ) 1 (Nk+1i1)XMXU(E$Ek—EA) (326)
TiNTERa (E) k 2npE, Win 2 2 1-f(E)

3 nf 2 — T

Znn4ﬂ4 ) 1 (Nk'i'iiinMXU(E?Ek_Er;)
TINTER4(E) k ZhPE Win 22 1-1(E) (3.2.7)
+{Zginn4ﬁ4md4(Dk)2 1 (N +1+1jxﬂxU(E4—_E —E)

= 2pE, W, 272) 1-f(E) o

_ -1

W, = ([ o’ @)} (2)d2) (328)

where n!, .(=2), n%_,(=1), and n', ,(=2) are the degeneracy of the intervalley

phonon scattering, respectively.

3.3 Surface Roughness Scattering Mechanism

The roughness scattering at the interface of Si/SiO, is very important for a
MOSFET device at high fields, resulting in the degradation of mobility in the
inversion layer. There are usually two kinds of assumptions involved in the analysis of
mobility, one is the exponential autocovariance function and the other is Gaussian
autocovariance function.

We prefer using the Gaussian autocovariance function in this work because the
surface roughness scattering rate calculated by exponential model needs larger values
of the root mean square amplitude A to fit the mobility data of experimental than the
Gaussian model.

Moreover, we need to make an important assumption that the approximation of
single subband is quite accurate. We only consider the intrasubband scattering
although surface roughness is anisotropic scattering. Due to Yamakawa, et al.’s

surface roughness model [11] , the scattering rate for a Gaussian function is described

10



as

1 m (E) 2E” 2A2)% 22 -2
— _=U(E-E,)—= _ j (1—cos9)de (3.3.1)
751 (E) 2h >

Assuming the elastic collisions without energy transition, Eq. (3.3.1) can be rewrite as

(j) (E) ZE” 27272 27 _2m(E—Ej)/125in2§
ijl =U(E-E)) Mo - IZsinZQe " 2do (3.3.2)
7z (E) 2h 0 2
2 2 2 ~ P 9
q°=2k“(1—cos 0) =4k sin 3 (3.3.3)
2m . (E-E.
k2 :M (3.3.4)

hZ

where m‘Dgs and Ejare the density of states effective mass and the electron subband

energy in.the Ji, subband, and A is the correlation length. In addition, in order to

obtain_universal mobility curves more accurately, Eeiff can be presented by a new

definition [11] in place of the empirical formula via Eq.(3.1.1). The compared results

are described in Figure 3.2. The new definition of E':f Is given as

E)'= (0(2) <0(Z)d2 (3.3.5)

where E':f is the electron effective field from the iy, subband to the jg subband,

¢'(z) and ¢’'(z) are the wave-functions of the initial and final states of the

electrons, respectively.

11



3.4 Derivation of Two-Dimensional Mobility in the

Universal Mobility Region

In this work, we can express the total scattering rates of the twofold and fourfold
valley in terms of the phonon scattering and surface roughness scattering for iy,

subband with the energy (E) as [10]:

1 _ 1 1
Té(E) z-IphononZ(E) TISRZ(E)

(3.4.1)

1 eV, !
TL(E) z-;)honon4(E) TISR4(E)

(3.4.2)

for iy subband of twofold-and fourfold valleys, respectively. Then, the electron
mobility ,u; and ,ul in i subband of twofold and fourfold valleys by using the

average energy within the 2DEG in the relaxation time approximation can be given as

Tafl E-E)RECIE

ﬂz d (3.4.3)
m.f, (E—E)(-)dE
o ok of
el (E-=E)z,(E)(—=2)dE
" Je LE=EDa( )(afaE) 544
m, [, (E—E)-_)dE

where m¢; and mg4 are the conductivity effective masses in two- and fourfold valleys,

respectively. f is Fermi-Dirac distribution function. Eventually, we averaged over

the subband occupation to obtain total universal mobility . , as described by

QU aN +2 i N;)

. 3.45
lLlUnl N ( )

S

12



3.5 Coulomb Scattering Mobility Model with lonized

Impurities in Substrate Region

The Coulomb scattering due to ionized impurity atoms in the substrate region
results in the degradation of mobility at lower field. In this section, we use an
analytical model derived elsewhere [9] to calculate ionized impurity mobility. The

perturbing potential is the screened Coulomb potential [9], [12], as

e
U, = exp(-r/Ly) (3.5.1)
4re,e41
s KT
L, =, |22 3.5.2
¥, 7 (352)

where 1 is the distance from the scattering center, L is the Debye length. ¢, is the

permittivity of free space and &g is the permittivity of the semiconductor (Si). no is

the 3-D density of the mobile carrier.
Then the scattering rate of Coulomb scattering due to ionized impurity in 3-D

case can be presented by

1 N,e* N i
= In(1+r°) - Ed 35.3
Timp(E) 16 2mng§g§i[ ) 1+r2] 353)
_ 8mEL;,

(3.5.4)

where N, is the ionized impurity concentration, However, Eq.(3.5.3) is not the 2-D

electron gas inside the MOSFET, and our simulator is used for the two-dimensional
inversion layers, thus the scattering rate of Coulomb scattering due to ionized
impurity should be given in 2-D case.

According to [13], the momentum conservation in the z-direction of the

13



three-dimensional case at the scattering process of 2-D carriers should be replaced by

the integral as
2
HZo = [H3 |1(@,)] da, (3.5.5)

1(0,) = 1,,(a,) = [ 0, (2)o, (2)e"**dz (3.5.6)
where H,, and H;p are the matrix elements for two dimensions and three
dimensions scattering, respectively. However, |I,,,|? is the form factor given by the

wave-functions of the m-th subband and the n-th subbands, and it can be written as

Wm’n'1 which have be mentioned in section 3.2. Therefore, the scattering rate of

ionized impurity scattering in 2-D case from mg subband to ng subband can be

expressed as

4 2 3
. = N,e [In(L+ r2)_ r 2]E_E 90(E) 1 (35.7)
o oia(E)  16\2mzele? 1+r 05 (E)W,

where. - g,,(E) and g,,(E)are the density of states for two dimensions and three

dimensions scattering, respectively. It should be noticed that only intrasubband
scattering Is considered.

According to [12], we let the Debye length of Eq.(3.5.2) to be rewritten as

g.e. 7 kT
L, = /—0 Gl 35.8
7 e2Ninv ( )

where N, and Z, are the average 2-D inversion charge density and thickness of

inversion layer which have be mentioned in Section.2.1 and can be calculated by NEP
simulator.
Besides, the calculated total electron mobility including the influence on ionized

impurity scattering mechanisms can be treated as mentioned in section 3.4. The total
14



scattering rates of the twofold and fourfold valley in terms of the phonon scattering,
surface roughness scattering and ionized impurity scattering for iy, subband with the

energy (E) can be described as [10]:

il =<— ! +— ! +— ! > (3.5.9)
TZ(E) z-phononz(E) 2-SRZ(E) TimpZ(E)
1 1 1 1
(3.5.10)

i =< +— +— >
T4(E) z-phonon4(E) TSR4(E) Ti 4(E)

imp
for i, subband of twofold and fourfold valleys, respectively. And the electron mobility

1y and 1z, inigsubband of twofold and fourfold valleys can be defined as

e, E-E)nEEe

;. (3.5.11)
2 % af
m, J, (E—E)(-_2)dE

e, E-E)EE e

Hy N .
m.J, (E-E)e o

(3.5.12)

Finally, we can acquire the total universal mobility £, containing the influence

on ionized 1mpurity scattering mechanisms by the averaging over the subband
occupation as

(Z.UizNi +Z:uzit'Ni')
N

S

Hor = (3.5.13)

3.6 The Effective Electron Mobility Calculated by

Matthiessen’s Rule

While comparing with universal mobility (u,,;) at high electric field by using
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our simulator, p,,; , is the apparent universal mobility in combination with phonon
mobility and surface roughness mobility at high field. It can be defined based on

Matthiessen’s rule as follows:

1 1 1
=< >+ < —> (3.6.1)
luuni,M luph :usr

Besides, o IS the total mobility which is constructed by phonon mobility,
surface roughness mobility, and ionized impurity mobility according to Matthiessen’s

rule:

1 1 1 ik
=<—>+<—>+<—> (3.6.2)
:utot M H ph :usr :uimp

Besides; impn is the mobility for ionized impurity mobility mechanism extracted

with Matthiessen rule, as given by

1 1 1
» - (3.6.3)

/uimp,M :utot /uuni
Refer to D.Esseni, et al.[5], we can compare pimpy and pim, by the

error E.imy Produced by Matthiessen’s rule as

dt :uimp,M _:uimp
rimp © RN (3.6.4)
;uimp

E

Figure 3.3 ShOWS Kinp 8NA- iy fOr-an-inversion density N, =10"cm™

versus different substrate doping concentrations at 300 K. As we can see, the values of
corresponding mobility are close to the simulation results of D.Esseni, et al.[5].
Besides, the error Eimp Which be defined in Eq. (3.6.4) calculated with six different
substrate concentrations (10™° to 10 cm™) versus inversion layer concentration are

shown in Figure 3.4. Eventually, the resulting error E, ;,,,, versus substrate doping

concentration N, for an inversion density N, =10%cm™ is presented in

sub
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Figure 3.5, and the outcomes conform to Fig. 3 of [5] well. As shown, we can observe
a discrepancy between wimp, m and pyn,. This error is quite large. It is demonstrated
that ionized impurity mobility extracted by Matthiessen’s rule should not be regarded

as experimental data.




Chapter 4

Result and Discussion

4.1 Introduction

In this section, the resulting total mobility, consisting of phonon limited mobility,
surface roughness limited mability, and ionized impurity mobility, was found to
reproduce experimental data [10] well for different substrate concentrations and
different temperatures (T=397K, 342K, 242K, 297K). This was obtained for root
mean square height of the surface roughness amplitude (A) of 2.9 A and a correlation
length of the surface roughness (X) of 14.9 A , which are mentioned in section 3.3. The
result is also compared with Takagi et al.[10] as depicted in Figure 4.1. It can be seen
that the larger the substrate doping concentration Ng,;, the narrower the range of the
vertical effective electric field Eeff dominated by phonon and surface roughness
scatterings.

The validity of Matthiessen’s rule has been known to be not exact for a long time.
In this work, we show that the mobility extraction by using Matthiessen’s rule would
overestimate the value of experimental data. What’s more, we analyze the accuracy of
Matthiessen’s rule and propose a simplified model for errors, finding the relationship

with the errors between different substrate doping concentrations.

4.2 Model of the Error Produced by Matthiessen’s Rule

Using the aforementioned parameters, the apparent universal mobility (t,n; )

calculated by Matthiessen’s rule, the simulated universal curves (u,n;), phonon

18



limited mobility, surface roughness limited mobility and the errors E, between p,,; i
and ., Versus Eetf are plotted in Figure 4.2 for Ng,;,=10" cm™at 300K. The inset in
Figure 4.2 shows the corresponding population of two lowest subbands. The errors E,

between py,ipm and g, can be defined as

E — zuuni,M — Hni

r (4.2.1)
/uuni

However, we calculated the universal mobility and the corresponding error

quantitatively by the compared method are given below,

i=< 1 +i> (4.2.2)

;uuni H phonon :uSR

where  u,,; p have been defined in Eq. (3.6.1).

Remarkably, we found-that the largest errors occur at a critical Eeif where
phonon limited mobilityis equal to surface roughness limited mobility and apart from
this point the errors decrease gradually, as shown in Figure 4.2. This indicates the
relative strength of phonon limited and surface roughness limited mobility [1]. The
population of subband i of valley j can be defined as p", and come from the other
origin [3], the twofold lowest subband population powhich also be described as p
can be drawn under ph = isr as shown in the inset of Figure 4.2.

The comparison results with other substrate doping concentrations
(10* to 10* cm™) and different temperatures (100 to 300K) are shown in Figure 4.3
to Figure 4.5. These figures pointed out that Matthiessen’s rule overestimates the
extracted universal mobility. Specifically, the maximum error of universal mobility
caused by using Matthiessen’s rule is below 30%.

Note that the critical E¢ is larger than 1 MV/cm in Figure 4.2 and far away from
the Coulomb scattering region due to ionized impurity as experimentally shown in

Figure 4.6.
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A scatter plot between the peak of error E;nax and the corresponding twofold
lowest subband population p, (under ph=gsr) for different substrate doping
concentrations (10 to 10" cm™®) with temperature as a parameter is shown
in Figure 4.7. Because the separation of subband is strong with high doping
concentration, more inversion carrier occupies on lowest subband with high doping
concentration and low temperature. We found that the peak of error E;nax increase for
increasing temperatures and decreasing substrate doping concentrations. Obviously,
there is a unique relationship existing. We can figure out a power-law relationship

between the two:
AN Ve
Er,max 7 apo

(4.2.3)
where ais the pre-factor and vy is the power-law exponent. In Figure 4.8 we show
different temperatures corresponding to different values of a, and different
temperatures corresponding to different values of y as depicted in Figure 4.9.
However, there is a fitting line that can be drawn in Figure 4.8 and Figure 4.9,
yielding a =-0.024 + 2.49x10™ T and y= 1/ (0.026 — 9x10-*T) in Figure 4.8 and
Figure 4.9, respectively, regardless of the doping concentrations.
At this point, we are able to establish a semi-empirical model in the context of

the relative strength of gphand ger:

mm(zuph’:usr)))

Er = Er,max (1_ a EXp(IB
max(/uph’:usr)

(4.2.4)

Through best fitting, we obtained g = -5 and o = 1 and 2 for gpn < s and
Hon> Ly, respectively. The validity of the error calculated by Eq.(4.2.3) and Eq.(4.2.4)

has been confirmed by the simulation for different substrate doping

concentrations (10™ to 10™® cm™) at 300 K. The left hand side of Figure 4.10 reveals
20



such results for five different substrate doping concentrations at 300 K as  zpn < t4r,
and the results for  zn> 1 as shown in the right hand side of Figure 4.10. Note that
under the critical situation of z4n =44, Erin Eq. (4.2.4) reduces to its peak value Ermax.

Finally, we want to highlight that the validity of the errors E; between pu,,; and
Muniy Which did not consider the mobility of ionized impurity at high Ee region in
this work is adequate. Therefore, we calculated the total mobility u.,, consist of
phonon limited mobility, surface roughness limited mobility, and ionized impurity
mobility as

1 1 1 1
— =< 1

Hior Hohonon Hsr Hivp

> (4.2.5)

The corresponding error E..-of total mobility caused by using Matthiessen’s rule is

r,tot

_ Hioem T Mot (4.2.6)

where pgo y have been mentioned in Eq. (3.6.2).

The results for five different substrate doping concentrations
(10" t0 10" cm™) at 300K are shown in Figure 4.:11; and it has been mentioned in [6]
that the error due to ionized impurity part is larger than phonon part. Figure 4.12
shows a scatter plot between the peak of error for Ees larger than 1 MV/cm versus the
corresponding twofold lowest subband population p, (under zph=gsr) for different
substrate doping concentrations for comparison with result in Figure 4.6. The
comparison results pointed out that although using universal curves (u,,,;) to calculate
the error by Eq. (4.2.1) may influence the value of E,may, it is insignificant to compare
the difference between the E;nax and the peak of Ew: Thus, the effect of ionized
impurity mobility can be suppressed evidently in the high vertical electric field region.
Therefore, the validity of the peak error in this work is adequate.

However, it should be noticed that the critical Eg is smaller than 1 MV/cm when
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temperature decreasing to 100K as shown in Figure 4.5. Because phonon limited
mobility increase as temperature decreasing and surface roughness limited mobility is
less dependent on temperature, the critical Ee under piph = pis would move into low
vertical electric field region, thus the effect of ionized impurity mobility should be

considered.

4.3 Correction Model of Matthiessen’s Rule

Based on the above analysis, we will show how to correct Matthiessen’s rule in
the high vertical effective electric field in this section. The error-free version of

Matthiessen’s rule is reached by combining Eq. (4.2.3) and Eqg. (4.2.4):

E_ /S T (4.3.0)

uni H ph /usr

In executing this method, only the self-consistent solving of coupled Poisson
equations and Schrodinger’s equations 1S needed with aim to determine the critical Eeft
under uph= psr, which in turn determines the peak of E,, and hence the corresponding
twofold lowest subband population po. Once po Is known, we can readily determine
the maximum error Ermax Via EQ. (4.2.3). As a consequence, the Erin Eq. (4.3.1)
becomes a function of only the ratio of pphand psr according to Eq. (4.2.4). Therefore,
we can directly obtain the universal mobility u,,,; for given pph and psr by using
Eq.(4.2.4); otherwise, the value of universal mobility will be overestimated as in
Figure 2.1 in terms of p1,,; -

Reciprocally speaking, this method of Eq.(4.3.1) can work for pph and psr
assessment for case of given universal mobility u,,; data. To demonstrate this, one
may quote the mobility extraction study by Takagi, et al. [4] and Hauser [5] in terms

of their empirical models of pph and psr. Since these experimentally-determined
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models were obtained based on the conventional use of Matthiessen’s rule and
according to Eq. (4.3.1), the resulting uph and psr are definitely underestimated and
must be further multiplied by a factor of (1 + Er), as shown in Figure 3.3.

Finally, we want to stress that the proposed method can work for other situations
like strain effect of mobilities. In Figure 4.13, we show a scatter plot of the peak E,
that is the maximum error Ermax and the twofold lowest subband population po, which
were created via simulations for <110> uniaxial tensile stress of 500 MPa. Noticeably,
the effect of strain is primarily to increase po. In this strain case, the power-law

relationship Eq. (4.2.4) again holds, as depicted in this figure.

23



Chapter 5

Conclusion

In this work, we have shown that the universal mobility produced by
Matthiessen’s rule may not be considered as the result of experimental data, because
the error between the universal mobhility of simulations and the apparent universal
mobility calculated by Matthiessen’s rule IS worse. It may even cause the wrong
trends of mobility characterization.

We also quoted the detailed formula to calculate the Coulomb-limited mobility
due to ionized impurity atoms-in substrate region; the simulated result is comparable
with D. Esseni, et al [6]. The extracted ionized impurity mobility by using
Matthiessen’s rule also exhibits a large discrepancy as compared with simulated one.

The analysis results in this thesis point out that overlooking the error of
Matthiessen’s rule only leads to poor extraction of individual mobility components.
Therefore, through the experimentally-validated universal mobility simulation, a
semi-empirical model for the errors of Matthiessen’s rule has been established in this
work. As a consequence, the conventional extraction error can be corrected using an

error-free version of Matthiessen’s rule which has been created in this thesis.
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Figure 2.2 The flowchart of Poisson and Schrddinger self-consistent solving

procedure.
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Figure 3.1 The simulated universal mobility (lines) versus vertical effective
electric field with substrate doping concentration (Ng) as a parameter. Experiment

data [4] are sited for comparison.
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Figure 3.2 The simulated universal mobility (lines) with substrate doping
concentration (Nsy) as a parameter in surface roughness model for two different
defined of the electric field for (a) the experimentally empirical formula; and (b) the

vertical electric field as defined in Eq.(3.1.1) of [11].
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Figure 3.3 The comparison of the data (symbols) [6] and ionized impurity limited

mobility curves from the simulated results (blue line) and the extracted results by
Matthiessen’s rule (red line) versus different substrate doping concentrations for an

inversion layer Ni,=10"? cm™2at 300 K.
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Figure 3.4 Calculated error Erimp (lines) using Eq.(3.6.4) versus inversion layer

concentration for six different substrate doping concentrations (10* to 10" cm™) at

300 K.
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Figure 4.1 Comparison of simulated electron total mobility (lines) with the
experimental one (symbols) [10] versus vertical effective electric field with A = 2.9 A
and A =14.9 A for (a) six substrate concentrations and (b) four temperatures of 397K,

342K, 242K, and 297K.
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Figure 4.2 Simulated universal mobility, phonon limited mobility, and surface
roughness limited mobility (lines with symbols) versus Eeff for Nsub = 10 cm* at
300K. The apparent universal mobility (lines) obtained by Matthiessen’s rule and
hence the errors are together plotted. The arrow Indicates the critical Eeff where
phonon and surface roughness limited mobilities have the same value. The inset

shows corresponding population of two lowest subbands.
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Figure 4.3 The apparent universal mobility (lines) obtained by Matthiessen’s rule,
simulated universal mobility, phonon limited mobility, and surface roughness limited
mobility (lines with symbols) versus Eeft for (a) Nsub = 5x10% cm?, (b) Nsub = 10%
cm, (c) Nsub = 10* cm=, (d) Nsub = 10* cm?, and (e) Nsub = 10*cm* at 300K. The
arrow indicates the critical Eeff where phonon and surface roughness limited mobilities

have the same value. The inset shows corresponding population of two lowest subbands.
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Figure 4.3 The apparent universal mobility (lines) obtained by Matthiessen’s rule,

simulated universal mobility, phonon limited mobility, and surface roughness limited
mobility (lines with symbols) versus Eeff for (a) Nsub =5x10* cm, (b) Nsub = 10" cm?,
(c) Nsub=10*cm?, (d) Nsub=10%cm=, and (e) Nsub= 10*cm= at 300K. The arrow
indicates the critical Eeff where phonon and surface roughness limited mobilities have

the same value. The inset shows corresponding population of two lowest subbands.
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Figure 4.3 The apparent universal mobility (lines) obtained by Matthiessen’s rule,
simulated universal mobility, phonon limited mobility, and surface roughness limited
mobility (lines with symbols) versus Eeff _for (a) Nsub =5x10*" ¢m=, (b) Nsub =10 cm?,
(c) Nsub=10*cm?, (d) Nsub=10%cm=, and (e) Nsub=10*cm= at 300K. The arrow
indicates the critical Eeff where phonon and surface roughness limited mobilities have

the same value. The inset shows corresponding population of two lowest subbands.
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The universal mobility (lines) obtained by Matthiessen’s rule, simulated
universal mobility, phonon and surface roughness limited mobilities (lines with
symbols) versus Eeff for (a) Nsub =10 cm, (b) Nsub = 5x10* cm=, (c) Nsub = 10* cm?,
(d) Nsub=10*cm=, (e) Nsub=10*cm?3, and (f) Nsub = 10* cm= at 200K. The arrow
indicates the Eeff where phonon and surface roughness limited mobilities have the same

value. The inset shows corresponding population of two lowest subbands.
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Figure 4.4 The universal mobility (lines) obtained by Matthiessen’s rule, simulated
universal mobility, phonon and surface roughness limited mobilities (lines with
symbols) versus Eeff for (a) Nsup =10" cm™, (b) Ngup = 5x10* cm’®, (¢) Ngyp = 10" cm’®,
(d) Neup = 10% cm™, (€) Neuo = 10%° cm®, and (f) Ngyp = 10* cm™ at 200K. The arrow
indicates the Eeff where phonon and surface roughness limited mobilities have the same

value. The inset shows corresponding population of two lowest subbands.
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Figure 4.4 The universal mobility (lines) obtained by Matthiessen’s rule, simulated
universal mobility, phonon and surface roughness limited mobilities (lines with
symbols) versus Eeff for (a) Nsup =10" cm™, (b) Ngup = 5x10* cm’®, (¢) Ngyp = 10" cm’®,
(d) Neup = 10% cm™, (€) Neuo = 10%° cm®, and (f) Ngyp = 10* cm™ at 200K. The arrow
indicates the Eeff where phonon and surface roughness limited mobilities have the same

value. The inset shows corresponding population of two lowest subbands.
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Figure 4.5 The universal mobility (lines) obtained by Matthiessen’s rule, simulated

universal mobility, phonon and surface roughness limited mobilities (lines with
symbols) versus Eeff for (a) Nsub =10"" cm?, (b) Nsub= 10'®cm?, (c) Nsub = 10" cm?,
and (d) Nsub = 10** cm at 100K. The arrow indicates the Eeff where phonon and surface
roughness limited mobilities have the same value. The inset shows corresponding

population of two lowest subbands.
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population of two lowest subbands.

43

The universal mobility (lines) obtained by Matthiessen’s rule, simulated
universal mobility, phonon and surface roughness limited mobilities (lines with
symbols) versus Eeft for (a) Nsub=10%" cm?, (b) Nsub = 10*°cm?, (c) Nsub = 10" cm?,
and (d) Nsub = 10** cm™ at 100K. The arrow indicates the Eeff where phonon and surface

roughness limited mobilities have the same value. The inset shows corresponding
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Figure 4.6 Electron effective mobility data (symbols) [10] for five substrate
doping concentrations at 300K versus vertical effective electric field Eerr. Simulated
universal mobility curves (lines) are shown. Dacis the acoustic deformation potential;
Dk is the deformation potential of the k-th intervalley phonon; A is the surface

roughness correlation length; and A is the surface roughness rms height.
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Figure 4.7 Scatter plot (symbols) of the simulated peak error and corresponding

lowest subband population, created from different substrate doping concentrations
(10 cm™ to 10" cm®), with temperature as a parameter. The calculated results (dashed

lines) using Eq. (4.2.4) are shown.
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Figure 4.8 Extracted (symbols) pre-factor a in Eq.(4.2.4) versus temperature. The

best fitting (dashed line) is shown.
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Figure 4.9 Fitted temperature (symbols) power-law exponent y in Eq.(4.2.4)

versus temperature. The best fitting (dashed line) is shown.
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Figure 4.10  Comparison of simulated (symbols) and calculated (lines) errors for five
different substrate doping concentrations at 300 K, plotted as a function of the ratio of

phonon limited mobility and surface roughness limited mobility.
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Figure 4.11  The total mobility (lines) obtained by Matthiessen’s rule, simulated total
mobility, phonon and surface roughness limited mobilities (lines with symbols) versus
Eeff for (a) Nsu =10 cm™®, (b) Nsup = 5%10" cm, (¢) Nsup = 10*" cm, (d) Ny = 10"
cm, and (e) Ngy» = 10*° cm® at 300K. The arrow indicates the Eeff where phonon and

surface roughness limited mobilities have the same value. The inset shows

corresponding population of two lowest subbands.
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Figure 4.11  The total mobility (lines) obtained by Matthiessen’s rule, simulated
total mobility, phonon and surface roughness limited mobilities (lines with symbols)
versus Eeff for (a) Ngw =10 cm™, (b) Nguw = 5x10" cm™, (c) Ngw = 10" cm®, (d)
N = 10** cm, and (e) Ny, = 10%° cm™ at 300K. The arrow indicates the Eeff where
phonon and surface roughness limited mobilities have the same value. The inset

shows corresponding population of two lowest subbands.
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Figure 411  The total mobility (lines) obtained by Matthiessen’s rule, simulated total
mobility, phonon and surface roughness limited mobilities (lines with symbols) versus
Eeff for (a) Ngyp =10" cm™, (B) Ngyp = 5%10" cm®, (€) Nsuyo = 10" cm®, (d) Ngyp = 10
cm®, and (e) Ngu, = 10*° cm at 300K. The arrow indicates the Eeff where phonon and
surface roughness limited mobilities have the same value. The inset shows

corresponding population of two lowest subbands.
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Figure 4.12  Scatter plot (symbols) of the simulated peak error E;max and the peak
of Ewt (hollow squares) versus corresponding lowest subband population, created

from different substrate doping concentrations (10** cmto 10* cm™) at 300K.
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Figure 4.13  Scatter plot (symbols) corresponding to Figure 4.7 but under a uniaxial
tensile stress of 500MPa. The calculation results (dashed lines) came
from Eq.(4.2.4) with the pre-factor a =-0.018+ 2.69x10“ T and the power-law

exponent y =1/(0.042 - 9x107 T).
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Electron Scattering and Physical Parameters for Si on (001)
This Work | Takagi[10] | Ferry[14] | A. Pirovano[15]

Acoustic phonon 13 12
DG'C (ev)

Optical phonon for
Kth Intervally 11.5 19.2 7-10
D, (X108 eV/cm)

Crystal density 2329 2329
P (kg/em?*)

Sound velocity
5;(m/s) 9037 9037

Surface Roughness
Amplitude 2.9 2.6 1.6-2.5
A (X10%cm)

The Correlation Length
of surface Roughness 14.9 14.9 10-20
A (X108 cm)

Table I  Electron scattering and physical parameters for Si used in this work and

comparison with the literature values.
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