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Abstract

Electron mobility degradation is currently frequently encountered in highly
scaled devices. This means that additional scattering mechanisms exist and will
become profoundly important in next generation of devices. The aim of this work is to
experimentally distinguish these remote -scatterers -particularly concerning the
controversial arguments over remote Coulomb scatterers (RCS). To clarify whether
Coulomb drag or surface optical (SO) phonons mode is responsible for the degraded
electron mobility in n"-polysilicon ultrathin gate oxide nMOSFETs, we apply a novel
temperature-dependent experimental method to obtain corresponding mobility
component in high effective field regions. The results are remarkable: (i) in a
considerable range of surface roughness amplitudes (A), the temperature coefficient
exhibits a negative value, confirming interface plasmons in poly depletion region to
be dominant remote Coulomb scatterers; and (ii) a new criterion is created with which
one can experimentally distinguish interface plasmons from SO phonons: if a
power-law temperature exponent y is close to -1.0, additional scattering with interface
plasmons dominates, while for scattering with SO phonons, v lies around -2.2. In this
work, we obtained y whose value remains around -1.0. Hence we reasonably argue

that Coulomb drag due to interface plasmons is responsible.
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Chapter 1

Introduction

It is well known that the inversion layer mobility of nMOSFETs can be limited
to three primary scattering mechanisms: (1). The Coulomb impurity scattering due to
the ionized impurity atoms in substrate depletion region; (2). The acoustic/optical
phonon scattering in inversion channel region; and (3). The surface roughness
scattering at SiO,/Si substrate interface. However, owing to the measured effective
mobility that drops off in highly scaled devices, additional scattering mechanisms
exist. So far, in the open literature dedicated to long-channel nMOSFETs with
polysilicon ultrathin gate oxides, origins of mobility degradation remained
controversial. Additional scatterers can be generalized in terms of the remote surface
roughness, source/drain (S/D) plasmons, fixed oxide charge, remote Coulomb
scattering, and remote phonon scattering due to surface optical (SO) phonons. First
term can be removed because F. Ga’miz,ef al. [1] have verified by the Monte Carlo
simulation that the remote surface roughness-limited mobility increases as the
inversion sheet density increases. Hence the effect on the measured effective mobility
is insignificant in high vertical electric field region. Second, while channel length is
shrinking into the region within Thomas-Fermi screening length (like sub-40 nm
device), electron interactions occur near highly doping source/drain (S/D) and channel
interface can be viewed as the dynamic screening, resulting in the excitation plasmons
emission and/or absorption and then transferring the momentum to affect the current
indirectly, according to the published simulation results [2]. Nevertheless, S/D
plasmons can be ignored in long channel devices we used in this work. Third, the

effect of fixed surface oxide charge revealed similar trends like remote surface



roughness mechanisms [3].

Excluding the remote scatterers mentioned above, it is essential to reconfirm
the origin of main remote scatterers to distinguish between remote Coulomb
scattering and SO phonons. We discussed the issue prior to remote Coulomb
scattering which was thought to have two possible sources. The first source stems
from ionized impurity atoms in polysilicon depletion region by Krishnan [4].
However, Yang et al[5] examined remote Coulomb scattering because of space
charge in poly side, and their simulated results have shown that it is not the primary
role in mobility degradation. On the contrary, series of study by Fischetti and
co-workers [6]-[8] pointed out that the free electron counterparts can give rise to
interface plasmons near polysilicon ‘and SiQ» interface which is responsible for
mobility degradation when high ‘vertical effective electric field region. This is the
second source also named Coulomb drag.

Moreover, we have to further:deal with the main source of degraded mobility.
Although scattering by SO phonons mode is considered to be dominant in high-k
dielectrics [8], its significance relative to Coulomb drag in ultrathin SiO2 gate oxide
stacks was controversial in the open literature [8], [9]. From Figure 7 and Figure 8 in
Ref. [8], these figures have disclosed that the decay rate of mobility with sheet density
due to interface plasmons is larger than the rate by SO phonons, hence illustrating that
Coulomb drag plays a major role at high inversion charge densities (Nip,>1x10"cm™).
In Ref.[9], by using inverse modeling, they extracted additional mobility and claimed
that SO phonon mode is more severe in high-k dielectric than SiO; stacks, but they
didn’t take Coulomb drag in poly side into account.

In order to clarify the discordant argument on remote scatterers, here we

elaborated on a novel temperature-oriented experimental method dedicated to
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polysilicon ultrathin gate oxide case. The flowchart of the method is shown in Figure
1.1. The proposed method in this work consists of three steps: First, we calculated the
temperature-dependent effective mobility which combines the simulated universal
curve and Coulomb impurity-limited mobility according to Matthiessen’s rule.
Consequently, experimentally assessed additional scattering by remote scatterers
would be extracted straightforwardly. For the first time, the temperature-oriented
additional mobility is obtained; it can lead us to clarify the possible major role in
remote scatterers. Second, we also quoted the detailed model for calculating remote
coulomb scattering due to ionized impurity atoms in poly depletion region to compare
with the experimental additional mobility in this work. Last but not least, a new
criterion with a power-law temperature relationship of p,qq0c TV is created with which
one can experimentally distinguish interface plasmons from SO phonons: Based on
references [6] and [7], if a power-law temperature exponent y stays around -1.0,
additional scattering with interface plasmons dominates[6]; on the contrary, while for
scattering with SO phonons [7], is.close to -2.2.-These results are established on the
condition of high measurement temperatures. In addition, validity of Matthiessen’s

rule used in this work is addressed as well.



Chapter 2
Physical Theory and Electron Mobility Model

2.1 Physical Theory

2.1.1 Schrodinger and Poisson Self-consistent “NEP” in n-MOSFETs
This section will introduce the fully Schrédinger and Poisson self-consistent

solver in n-channel MOSFETs, particularly our established simulator “NEP” [10].
The schematic of energy band diagram is given in Figure 2.1. We separated the band

diagram of silicon substrate along out-of-plane direction into two parts: one is the

surface quantum confinement region (W, =30 nm ) and other is the bulk classical

uantum
region (W,,,...... ) which is defined as

/4

classical

=W,, +1.5xW (2.1)

quantum
where W, is the space charge width according to, abrupt depletion approximation.

In the former region, the carriers are confined in this thin region with 300 mesh

intervals of width dz, =0.1 nm to ensure simulation accuracy. In the latter region,

we adopt the conventional formula to handle and it is divided into 50 intervals with a

(7, +45)

width of dz, = deanm. It can significantly reduce the computational time but

not losing the accuracy. Moreover, the conduction band edge at the interface is set to
be zero of energy in n-MOSFETs.

Figure 2.2 illustrates the common self-consistent steps along with the flow-chart.
First, we guessed the surface band bending ¥ in Poisson equation by V' (,—0)=V; and V'

(=buiky =0 for the boundary conditions. It would obtain the corresponding initial

4



potential profile /(z) and hence we can begin with the calculations of 1D Schrédinger

equation along with V(z) via the formula

2
——VVY+V¥Y=E¥Y (2.2)
2m

According to Eq. (2.2), the Schrodinger equation can also be written as a general

differential equation by the finite element method:

_h_Z[‘P(x,-_l)—2‘I'(Xi)+‘P(xi+1)
2m Ax?

Y=>ay, (2.4)

14V (x)¥(x) = E¥(x,) (2.3)

where £ is an eigen-value which has n values, and it is also assumed that the
wave-function ¥ is confined in a small region of Wy which includes the entire

inversion region completely. In general, the wave-function ¥ dividing this region

into  intervals of the equal-distanceAx =W, /n_can be expanded in terms of an

orthogonal basis set {z//n}. Finally, we apply Newton’s method to solve the
self-consistent Poisson and Schrédinger equations. The simulated results include
eigen-values (E,) corresponding to’the n ‘wave-function (v, ). The smallest

eigen-value is defined as the ground state, with the others as the excited states.

. By previous paragraph mentioned, we would get the eigen-values and the
wave-function. Besides, we summarize the basic formulation and the iteration that we
use to perform a self-consistent solution. In the surface quantum confinement region,

the three-dimensional carriers (both electrons and holes) density can be described by

1p(2)= Y | DOS, (B, f(ENIE-|¥, (=)

ij E,

E,-E;

:ZgimLozskBTln[He( kT”}\‘K,Az)F (2.5)
o 7h



()= j DOS, (E),,(1- f(ENAE-|¥, (=)

k,j —o

k By —Er
=3 g, oo kBTln[He‘ i )]-\\Pk,j(z)\z (2.6)
i zh

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

the subband index, and g; and gx are the degeneracy of the ith valley and kth type,

respectively; m),,; and m},, are the density of states electron and hole effective

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

wave-functions W, and YW, are all normalized. In the bulk classical region, the

carrier density is given by:

") =n, -exp(ZZT)) @)
p()=p, -exp(‘kVB ) 2.8)

where po and ny are the carrier concentration under the thermal equilibrium.

Substituting the above concentration into the~1D Poisson equation, the formula is

given by
dV (@) _ =4, [=N;(2)=n()+ p(2)] 29)
dz €

where N, (z)is the ionized donor density. Eventually, we can obtain a new potential

V(z) to satisfy with Eq. (2.9) and continuously iterate the procedure by Newton’s
method until the potential profile V(z) is equal for successive iterations, within a

tolerable error range. The two-dimensional electron density can be written as

i E-E,
n =gl.mL02SkBTln[1+e K ] (2.10)
h



The total inversion layer charge density is shown below
Ninv :Zni,j . (211)
ij

and the average inversion layer thickness Z,, is described as

n. . bulk )
Zav=z 7’ j 2|, ) dz |- (2.12)
i,] s 0

We demonstrated the potential calculation for the high doping poly-silicon gate

situation:

N, N
V= —kBTln(—”l'Zz ) (2.13)

l

where V, is the flat band voltage, N,.; and Ny, are the poly gate concentration and
the substrate doping concentration, #; is the-intrinsic concentration and kg is the
Boltzmann’s constant.

The method to calculate poly gate voltage is similar with the potential on
substrate region. Based on the electrostatics boundary conditions and abrupt depletion

approximation, the following formula are given as

o+ C/cm’
gsi Es[,max =& ox on = gsi poly,max - Ew’ max Epoly max va Qdep( ) (2 14)
- N , € Si
L
_qND E X + (Wdepiabrupt ) X
Vpolyﬁabrupt (x) = o (2 15)
oty arop =M8X (¥, (X)) =min (¥, (X)), =W, e <X <0 (2. 16)

Therefore, using the classical concentration and Poisson equation self consistent
method to converge the correct polygate voltage and extract some important results,

such as the space charge density and free electron concentration in poly side by the

Vo(start) =V, and V,(end)=0 for the boundary condition. Besides,oxide

oly _drop



voltage is written as:

V — tungiF;

Eox (2.17)

where ¢ 1is the oxide thickness, ¢, and & are the dielectric constant of the

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

Vieen =V
F = N Eventually, the total gate voltage can be expressed as

Vg=VS+V0x+V

oy TV

(2.18)
where V, indicates the surface band bending determined by the potential profile in

the silicon substrate.



2.2 Electron Mobility Model

Introduction

In this section, we divided it into three parts: First, we calculated the universal
electron mobility under the relaxation time approximation which uses the sub-band
energy and the wave function provided by our NEP simulator. We consider only
lowest four subbands in twofold valleys and two subbands in fourfold valleys to
obtain corresponding mobility. Besides, we discussed the momentum relation rates
caused by scattering with phonons and surface roughness which can be considered as
the expression of universal curve. Second, we quoted a physically based
Coulomb-limited mobility model with ionized impurities in substrate by Hauser ef al.
[12]. Consequently, the thick oxide effective electron mobility can be treated as the
combination of the universal electron - mobility and Coulomb-limited mobility
according to Matthiessen’s rule. Validity of Matthiessen’s rule will be addressed in
Chap.4 as well. Third, we also quoted the detailed model by Yang et al. [5] to
calculate remote-Coulomb-limited  meobility~due" to ionized impurity atoms in
depletion region of n-type polysilicon gate (n-polygate) to compare with
experimentally additional mobility in this work.

Figure 2.3 illustrates that the calculated universal electron mobility is insensitive

to substrate concentrations or process parameters, especially when plotted as a

function of high effective field (E

) E, can be defined empirically as in the

following formula

-(nN. +N
E, =2 01 * Ny (2.19)
‘C"Si'gO

where 77is taken to 0.5, inversion carrier concentration( N, ) and the surface

myv



concentration of the depletion charge( N, ) are determined by NEP. Finally, all of the

scattering parameters used in this work are listed on Table 1.

2.2.1 Phonon Scattering Mechanism and Model

It is well known that the pressure waves which result from the lattice vibrations
would deform the crystal deformational potential, perturbing the dipole moment
between atoms and giving rise to degradation of inversion layer mobility. The
phonon scattering mechanisms are classified into two types, one is acoustic phonon
scattering which displaces adjacent atoms in the same directions and the other is
optical phonon scattering which displaces neighboring atoms in opposite directions.
According to the phase of the vibration with the two different atoms in one primitive
cell, acoustic phonon energy is smaller-than carrier energy. The energy of the ki
intervalley f-fype phonon Eyg is 59 meV, and the energy of the ky, intervalley g-type
phonon Eyy) is 63meV. Intravalley phonon :scattering only considers acoustic

phonons but is forbidden for optical phonons--Hence according to Takagi, et al. [13],
the momentum-relaxation ratez.)"(E)from the uy subband to the vy subband is
written as:

, 2

1 ”3((2/4)md(2/4) (Dac) kT 1 2 2 -
— = 2, =\, (2, (2)dz (2.20)
Tac(214) h3,0(51 )2 Z,, (I )

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

respectively, D,. (=12 eV) denotes the deformation potential due to acoustic phonons,

n'y (=2)and n’, (=1) are the degeneracy of the twofold valleys and fourfold valleys

for intravalley scattering, respectively. pis the crystal density, s,is the sound

10



velocity, Z,  1is the form factor combined with the wavefunctions of the u-th subband

u’

and the v-th subbands, 7is the Planck constant divided by 2m, and kp is the

Boltzmann constant. The total scattering rate in u,, subband is determined by summing

up 7" within all the subbands, and it can be given as

I y U U(E ~E))
T:c(2/4) (E) v ac(2/4) (E)

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

(2.21)

Considering the intervalley phonon scattering model, the 7};,..(E) from uy

subband in twofold valleys to the v, subband in fourfold subband can be described as

i : - T
:znz 4md4 ) 1[ [Nk_’_lilelf(E—-i_Ek)xU(EiEk—E)
- 2hpE, W 272 1- f(E) '

u,v

TINTERZ(E)
(2.22)
2 "2 =
= ([ 22 (23, (2)ekz) (2.23)
where n/,_, (=4) denotes the degenéracy of the valleys about intervalley scattering,

E, and D, are the deformation energy and potential with respect to the £y

intervalley phonon, as well as m,, is the density-of-states effective mass of the final

state (fourfold valley). Besides, the signs in ( Nﬁlilj indicates that “+” means
2 2

2

phonons emission and “ — ” means phonons absorption. N, signifying the

occupation number of the &y intervalley phonon is given by

N, = ; (2.24)

[eXp(i) 1]

Similarly, z,77..,'(E) from uy subband in fourfold valleys to the vy subband in
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twofold subband, and 7},,.,(E) from u, subband in fourfold valleys to the vy

subband in fourfold subband, can all be written as

i) : - f(EF
s (D) 1 (N, +lilijxU(E¢Ek—E') (2.25)
— 2mpE, W\ * 272) 1-f(E) '

}AN;'ER4 '(E) u,v

W, =([0)} @0 2)dz) (2.26)

7 2
:zn‘ _>4md4 ) 1 (Nk-i‘l"’—j 1- f(E+E) U(E$Ek—E;)
[NTER4(E) k 2hpE Zu,v 2 2 1= f(E) (2 27)

2

{g} D - F '

z 4»4md4 ) 1 (Nk+lil xMxU(EiEk—EV)
- 2hpE,  Z 272 1-f(E)

u,v

where n/, ,(=2), n%,_,(=1), and n/, ,(=2) are the corresponding degeneracy of

the intervalley phonon scattering.

2.2.2 Surface Roughness Scattering Mechanism and Model

At high effective field, the roughness scattering at the Si/SiO, interface
dominates the performance of ‘a MOSEET device, resulting in the mobility
degradation in the inversion layer. Analysis of mobility usually involves two kinds of
assumptions, one is the Gaussian autocovariance function and the other is exponential
autocovariance function. In this work, we prefer use of the Gaussian autocovariance
function, because the calculation of surface roughness scattering rate by exponential
model needs larger values of the root mean square amplitude A to fit experimental
assessed mobility than the Gaussian model. Besides, we make an important
assumption that the single subband approximation is quite accurate. Since surface
roughness is anisotropic scattering, we only consider the intrasubband scattering.
Under Yamakawa’s surface roughness model [14], the scattering rate for a Gaussian

function is given as
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1 (/) (E)e Elj ZA2 12 27 —q*A
U(E-E)— : je 4 (1 cos0)do (2.28)
7I(E) 2 )

Assuming the elastic collisions without energy transition,

D (EVEET 2A2Q2 22 e
1 (E)e E A %2 = (1—cos0) 22

— =U(E-E,)— - j sin?Ze r (2.29)

71(E) 20 .
q°=2k*(1—cos 0) (2.30)

2m"” -(E-E))

o = (2.31)
where m") and E; are the density of states effective mass and the electron subband

energy in the j; subband. Besides, the new definition of E'; can follow Ref. [14]

replaces with the empirical formula Eq. (2:19) to obtain more accurate universal

curves. The comparison results are depicted in Figure 2.4. The new definition of E””
1s written as

E' = j @ (z)—go (z)dz (2.32)
where ¢'(z) and ¢’(z) are the wavefunctions of the initial and final states of the
electrons, respectively, and E'; is the electron effective field from the iy, subband to

the ji subband. When the relationship of E-K displayed a parabolic curve, the Eq.

(2.17) and Eq. (2.32) would be the same definition.

2.2.3 Derivation of Two-Dimensional Mobility
The scattering rates of the twofold and fourfold valley can be expressed in terms
of the phonon scattering and surface roughness scattering for iy subband with the

energy (£ ); hence the equations are described as [13]:
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1 1 1

- =<— +— > (2.33)
z-2 (E) Tphon()n_twoﬁ)[d (E) TSR_Z’WQﬁI/d (E)
1 =< ! + 1 (2.34)
T(E)  Toronon sourpord (E) TLZS‘R7 Jourpola (E) .

where 73,0, wowa (E) and 7y, ,(E) consist of intravalley and intervalley

phonon scattering for iy subband of two- and fourfold valleys. Therefore, using the

average energy within the 2DEG under the relaxation time approximation, the
mobility ,u; and ,uj for electron in iy subband of two- and fourfold valleys cab be

defined as

o E-EaE-LaE

“ St (2.35)
msf, (E=E)- )
w o of
E—-E)r,(E)——-)dE
ﬂ;:ql,jg (E=E)t (B~ 1) 236

ma ] (B = By

Consequently, the total universal mobility g, averaged over the subband

occupation is written as

(z /véNi +Z ﬂ:Ni')

= 2.37
ﬂunl N ( )

S

2.2.4 Coulomb-Limited Mobility Model due to Ionized Impurity
Atoms in the Substrate Region

Coulomb scattering due to ionized impurity atoms in the substrate region causes

the degradation of mobility at lower effective field. Because the momentum related

rates caused by Coulomb scattering was not established completely yet in NEP
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simulator, hence we quoted a physically based Coulomb-limited mobility model by
Hauser et al. [12]. It is a semi-empirical equation that various components have been
modified to obtain best fitting with measured results. The corresponding mobility of

Coulomb scattering can be presented by

1.1x107' T 1

o 2.38
:uCJmpurtty ln(l N s ) _ 7;11 Nsub ( )
T 1+ 7§H
19

2, =210 g (2.39)
Tz

T I (2.40)
300K

where y,, denotes the Brooks-Herring equation, and 7, indicates the normalized

temperature. Besides, the inversion charge.density (4V, ) are calculated from NEP

nv

simulator.

Therefore, the calculated thick oxide effective electron mobility excluding the
influence on remote-scattering mechanisms can be treated as the combination of the
universal electron mobility and Coulomb-limited mobility according to Matthiessen’s

rule as follows:

1 1 1
= + (2.41)
/uthick _oxide lLlc_ impurity /uuni

2.2.5 Remote Coulomb Scattering Model due to Ionized Impurity
Atoms in Polygate Depletion Region

In order to clarify the origin of remote Coulomb scatterers in polygate depletion

region, we refer to the momentum remote Coulomb scattering rate due to ionized

impurity atoms in poly side [5] for comparison with the experimentally assessed
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additional mobility in this work. This model only considered the lowest subband in
twofold valley.

The detailed descriptions for two-dimensional (2D) electron density (#;;), total
inversion layer charge density (N;,,), and the average inversion layer thickness (Z,,)
have been mentioned in Section.2.2.1. By using a triangular potential approximation
and a variation approach, the lowest energy level (£;;) and corresponding average

inversion layer thickness (Z;;) can be written as

eh 3 55 . =
Ell = 196556(7)3 ' (Ndep +_]\[inv)(Ndep +_Ninv) 3 (2'42)
DEE, 96 32
9¢ I’ 1
Z, =( BT )’ (2.43)
2
4m1“e (Ndep +372]vinv)

where m, (=0.916xm,) is normal electron effective mass, and the space charge for

depletion region (Ngp) is given by

Ndep — f 2gsi¢estub (244)

where ¢, is the surface band bending'in substrate region, and is described by

E.+E -k, T 7
¢d — F F',:ulk B N:‘v av , EF’bu]k — Eg +kBT log(%) (245)

si v

Erpu 1s the bulk Fermi energy in the substrate region.
The previous results are used for the calculation of remote Coulomb scattering
(RCS) due to impurity atoms in polysilicon depletion region. Thus, the corresponding

RCS rate at scattering angle & is given by

1 2ze’m, N

o N A2 e (2.46)

where m_, (=0.19xm,) is electron conductivity effective mass, and |A(S,z)|2

contains the screening effect of inversion layer carrier on impurity atoms in

16



polysilicon depletion region. The detailed process has been solved in [5], and the

result is written as

Sz
eB e

ASD=1r=h

(2.47)

The parameters in Eq.(2.44) are shown below

D=5+5B, +5 ")
(Esi + g()x)
b3
B, = 3
b+S)

B, =(8b’ +95b*> +3S°b)

2
- e Ninv

—(Ep=E) E, =k

(8, (&, + &, ks T(1+es T (e )

(Ninv + Ndep)

poly

z=<w>=0.5% (2.48)

By using Eq.(2.44) — Eq.(2:46) and.integrating within the polysilicon depletion

region, the momentum RCS rate due to ionized impurity is written as
1 (2z1-cos(0)

Tpes " 7(0)

Hence the remote Coulomb-limited mobility due to doping impurity in poly side can

46 (2.49)

be described as

[“rhes (B~ EpDo g(E)dE

e
Hpes = © ok (2.50)
M, [ fig(E)dE
k. . 2m,
where E (= E“+2—) is total energy in the lowest subband, g(F) (27
m, T

denotes density of states in two dimensional electron gas from twofold valley, and £
17



is Fermi-Dirac distribution function. Eventually, the resulting remote Coulomb
mobility due to ionized impurity atoms in poly side with oxide thickness as a

parameter is presented in Figure 2.5. Agreements are achieved (see Fig. 8 in [5]).
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Chapter 3

Experiment Framework

N-channel devices under test were fabricated in a conventional 90-nm
manufacturing technology with different channel width (W) and length (L):
W/L=10/10 um for Tox=1.65nm and W/L=1/1 pm for Tox=1.27 nm. Their SiO2 thin
films were grown thermally, followed by NO annealing. Experimental C-V
characteristics for W/L=10/10um as depicted in Figure 3.1 were fitted well using a
fully Schrodinger and Poisson self-consistent solver in our simulator (NEP) and by
Schred [15]. NEP was employed in fitting the C-V data, and the resulting process
parameters of the devices are given in Table II. In addition, the same parameter values
are also extracted by the available self-consistent Schrédinger and Poisson’s equations

solver Schred [15].

3.1 The Measurement Method of the Inversion-Layer

Experimentally Assessed Effective Mobility

In measurement method, the conventional inversion-layer mobility is usually

extracted as

1,V
A e -
WV N, )

myv

3.1)

1,V,)

o

Gd(Vg) = %
d

(3.2)

where G is drain conductance. When I, is small sufficiently, G, can be presented by

Ich

, and the channel current (/.;) should be the same as drain current (/;) and source
d
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current (/;). However, while gate oxides are thin enough to encounter direct tunneling
current, high gate leakage current would affect the accurate determination of drain
1 d

conductance (G, ), hence the G, is difficult to define simply by II/—‘ or v
d d

By following the experimental work by Takagi, et al. [18], we can know that
while gate oxide thicknesses are quite thin, the drastically increased gate current (/)
affects source current (/;) and drain current (/;) with the resulting opposite signs. The
schematic diagram of current flow in MOSFETs with high gate leakage current is

shown in Figure 3.2 where /; and /; can be written as

I =1,+1 (3.3)

I, =1,~1g (3.4)
where /s and Igp are the current from the source to the gate and the current from the
drain to gate, besides Is<0 and 7;>0. Figure 3.2 illustrated that /; is larger than the
current from the source into the channel (Z.;) due to the current flows from source to
gate(Igs), but I; is smaller than the current from channel to gate (/.,) because the
current tunnels from drain into gate (/gp). When V is sufficiently small, the /g must

be the same as the Igp , hence the channel current can be defined as

I :]d+[s

ch

.Therefore, inversion layer (channel) mobility is measured by

L WO)LTY)
w 20, EN,,(V,)

uv,) (33)

my

Considering the difference between L.« and L.y as well as the issue about the

parasitic source/ drain resistance (Ry4), Eq. (3.5) could be defined more accurate by

1 (L

Hoyy = (R )

AL)

mask

eWN.

d's' inv

(3.6)
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R :Vd‘s': 2Vds _
I,+1,

s =7 (3.7)

d's'

where L. 1s the design length on the polysilicon etch mask andZ , =L . The

‘mask ‘gate

AL is the length of the overlap region between gate and diffusion extensions. The
measured effective mobility values ([es) are demonstrated in Figure 3.3 versus

vertical effective field £,y for two different gate oxide thicknesses.

3.2 Extraction of Source/Drain Series Resistance

Although the parasitic resistance in this research could be neglected, the issue of
parasitic resistance should still be mentioned in this section in order to apply for short
channel issue in the future.

First, a state-of-the-art n-MOSFET was simulated by TCAD[16] in order to

restructure the experimental one. Figure 3.4 illustrates the net doping concentration

near the drain edge of n-MOSFETs (Z

'mask

=0.065um ) used in this work. The process

parameters used are gate oxide thickness (T.x) =1.27 nm, n’ polysilicon doping
concentration (Npory) =1x10*’cm™, and the p-type substrate (Psub) =4x10""cm™. The
central doping concentration inside the source/ drain extension (SDE) region is higher
than 10?° cm™.The detailed doping parameter and profile were determined by fitting
the measured I-V curve at T=292 K. In this situation, the method of extracting

parasitic source/ drain resistance (R,s) with V,-dependence can be described by [19]

V. Ag
R =-sd T 7sd 3.8
sd 1 ] ( )

sd sd

where V,=0.05V", Ag,is the potential-drop (¢SO,,Ce/channe, —¢Channe,/dmm) between

the source/ drain extension (SDE) and channel surfaces, which was extracted below

21



the interface 2.5 nm which belongs to inversion region, and /, was measured by

A ¢vd

as total resistance (R,), and —% can be
sd sd

Va

experiment. Eq. (3.8) regards
treated as channel resistance (R ) with V,-dependence, hence we can extract the

series resistance (R ;) by Eq. (3.8) simply. The schematic of electrostatic potential in

channel region at Vg=1.0 V for T=292K is also shown in Figure 3.5. Further, we

discuss R, values under various bias conditions in three gate voltages: 0.8, 1.0, and

1.2V.

The results of extracting R, value are summarized in Table III. When gate

voltage increases, the corresponding  parasitic resistance decreases gradually.

Regardless of temperatures “used, it is found that R, =126Q2 at V,=0.8 V,

R, =106 at Vo, =1.0 V,;and R, =99Q at V, =1.2V. Finally, the R, values

obtained by using this simulation study are reasonably consistent with the extracted

one (R,=120€2) shown in [20]." Thus, we selected R, =117€2 as process

parameter in W/L=1/1 pm.
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Chapter 4

Analysis and Discussion

In this section, the resulting universal mobility for a correlation length of the
surface roughness (1) of 14.9 A and root mean square height of the surface roughness
amplitude (A) of 2.6 A, which are mentioned in section 2.2.3, was found to reproduce
experimental data [17] well for two different temperatures (T=242K, 297K).
Corresponding comparison is depicted in Figure 4.1. This confirms the validity of the
temperature-dependent universal mobility simulation work. Therefore, we can use the
fitting parameters as reference. Since different manufacturing procedures or oxide
fabrication steps may result in different universal mobility [19], [21], we took various
surface roughness amplitude (A).into account with the other process parameters kept
fixed. With aforementioned process parameters (see Table I1 ) as inputs, the measured
effective mobility (), simulated universal curves ([uni), and the calculated universal
one with no remote scatterers'were plotted in Figure 4.2 for T,x=1.65nm and Figure
4.3 for Tox=1.27nm, both as a function of vertical electrical field (E.;) with A as a
parameter. What deserves to be mentioned is that the simulated mobility curve and
calculated one would be smaller than measured data in this work when A =2.6 A in
Figure 4.2(a), which is the same fitting A values as compared with Takagi et al.[17].
The explanation is considerable that different oxide fabrication steps correspond to
different additional scattering mechanisms. While the gate oxide replaced pure oxide
[17] by the SiO2 film following NO annealing as used in this work, the A value would
decrease [21]. Therefore, A =2.0 A should be substituted for A= 2.6 A as upper limit
of surface roughness amplitude, and due to the improvement in the progress of

manufacturing processes, A value should be further reduced as expected. Not only
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did the published experiment [22] show that the extracted A is 1.2 A, but also the
fitting range of A in Fischetti [6], which will be addressed in Section4.2, yielded

possible A range of 0.8 A- 2A.

4.1 The Origin of Remote Coulomb Scattering Mechanism
While comparing measured effective electron mobility (pes), the additional
scattering by remote scatterers in polysilicon region can be defined by using

Matthiessen’s rule as follows:

bt 1 (4.1)

Hetr  Huick oxide  Maaa

the resulting additional mobilities with A as a parameter in W/L=10/10 pm and
W/L=1/1 um are depicted in Figure 4.4 and Figure 4.5. These figures illustrate that no
matter what A values change, the additional scattering becomes more insignificant
with decreasing temperature«n universal mobility dominant region (£.4>0.7 MV/cm).
The results confirm that although we do not know the accurate A value in the
measured samples, the simulated results.all lead to one argument that the origin of
remote Coulomb scattering is due to interface plasmons. The reasons are given below.

First, the conventional concept believes that a positive temperature coefficient is
expected to be treated as ionized impurity atoms in polysilicon depletion region, but
owing to Thomas-Fermi theory of screening effect, the higher temperature would
enhance the exponential damping factor and result in the decreased screening effect,
the actual trend for case of ionized impurity atoms is not so simple. In order to deal
with this unknown situation, we quoted the detailed formula to calculate the remote
Coulomb-limited mobility due to ionized impurity atoms in poly side as have been
mentioned in Section 2.2.5. The resulting simulations are also shown in Figure 4.4

and Figure 4.5. The results point out that the calculated remote Coulomb-limited
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mobility due to ionized impurity atoms is about two orders of magnitude larger than
the experimentally assessed additional mobility.
Second, we also produced the formula of temperature-coefficient (n) to clarify

the temperature-oriented trend:

_ Huga33xy — Mada29sk) 4.2)
233K — 298K '

We can find that the temperature coefficient due to ionized impurity atoms in poly
side also displays large inconsistency in comparison with experimentally additional
one in this work; the results are depicted in Figure 4.6.

The extra evidence suggests that remote Coulomb scattering dominates over
interface plasmons as shown in Figure 4.7 and Figure 4.8. These figures showed that
the published [5],[6],[18],[23] degraded mobility values at near-room temperature can
be compared with experimentally assessed additional mobility in this work at T=298K.
We can find that these additional mobilities from different processes [5],[6],[18],[23]
are all close to our additional mobility: Besides, the remote Coulomb-limited mobility
due to ionized impurity atoms in poly-side is-again larger than the published values
[51.[6],[18],[23].

Summing up the previous contentions and the trend of additional mobility for
increasing temperature which can enhance the absorption and emission of interface

plasmons, we assume that interface plasmons dominate remote Coulomb scattering.

4.2 The Main Source of Mobility Degradation in Polysilicon

Ultrathin Gate Oxide nMOSFETs Stacks

In this section, we have to further clarify the main source which results in

mobility degradation in polygate stacks. This concerns the degraded mobility due to
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the surface roughness scattering mechanisms at the SiO,/Si substrate interface in high
E.yregion. To alleviate this hurdle, we used the calculated mobility curves to replicate
the experimental data for different temperatures simultaneously with A as a parameter,
the fitting results are shown in Figure 4.9. These figures all point out obviously that
none of the single A can lead to concurrent reproduction of the measured one with
different temperatures in universal dominated region; hence the remote scatterers do
exist in this work.

Figure 4.10 illustrates that additional mobility exhibits an increasing trend in low
E.y region or low inversion-layer sheet density (V;,,) while decreasing gradually for
higher Ecy ( Niny >5><10120m'2). The increasing trend of additional mobility with E.;
can be ascribed to fixed oxide charge density near SiO,/Si interface. The effect of
fixed oxide charge becomes insignificant with increasing N;,, due to screening effects,
and owing to decreasing screening effect with temperature, additional mobility curve
at T=380K is lower than T=292K [3]. Nevertheless, in view of the applicability of
Matthiessen’s rule, we only considered the high E,; region in this work. In this
situation, the effect of fixed oxide charge can be suppressed.

Figure 4.11 has shown the measured data, simulated curves, and the

temperature-oriented additional mobility at Nj, =1><1013cm'2, along with the

power-law relation of p ,, o« T”. The resulting power-law exponent y versus E. is

depicted in Figure 4.12. The figure reveals obviously that the y values are all around
-1.0, no matter what £,y and A was adjusted.

The extra evidence is given blow. First, the simulated interface plasmons limited
mobility with 1-nm gate oxide [6] in Figure 4.12 shows that the fitting y in the same
temperature region in this work is close to ours. Second, our additional mobility value

is qualitatively similar with the experimentally extracted mobility [9], although we
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cannot identify the dominated mechanisms in terms of interface plasmons in the work
by Chau, et al.[9], unless we can extract the y value to meet each other. The
confirmative evidence supports that the interface plasmons are more dominant than
SO phonon mode as the inversion charge density increases, as plotted in Figure 7,8 in
Ref.[8]. Similar trends can be found in Figure 4.10.

Therefore, we reach the argument that Coulomb drag due to interface plasmons

is the main source for degraded mobility in poly gate oxide stacks.

4.3 The Validity of Matthiessen’s rule

Finally, we want to highlight that the validity of Matthiessen’s rule in this work
is adequate. Therefore, we calculated the universal mobility and the corresponding

error using two different microscopic definitions:

RS W /=
luum' (E) /uphomm (E) /uSR (E)
1 1 1
; =< ; >+ < ;
luuni (E) luphonon (E) /USR (E)

(4.3)

>  according to Matthiessen's rule (4.4)

The comparison results with temperatures as @ parameter are shown in Figure
4.13. Obviously, although using Matthiessen’s rule would overestimate the value of
universal mobility, the maximum error of universal mobility caused by using
Matthiessen’s rule is below 5%. Thus, this error is-insignificant as compared with the
measured or simulated effective mobility difference (see Figure 4.2 and Figure 4.3).
Importantly, high vertical effective electric field is involved only. Thus, the validity of

Matthiessen’s rule used in this work is adequate.
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Chapter 5

Conclusion

In this work, we have experimentally established a novel temperature-dependent
method to obtain additional electron mobility due to remote scatterers and its
power-law temperature exponent in ultrathin gate oxide polysilicon nMOSFETs
operated at high vertical effective field.

First, in a considerable range of surface roughness amplitudes (A), the resulting
additional mobility component for mobility degradation for the first time exhibits a
negative temperature coefficient (). We also quoted the detailed formula to calculate
the remote Coulomb-limited mobility due.to ionized impurity atoms in polygate
depletion region. The simulated result is about two orders of magnitude larger than
experimentally additional mobility in this work. The temperature coefficient (1) due
to impurity atoms in poly side also exhibits a large discrepancy as compared with
experimental additional one. “ Second, the temperature exponent (y) extracted from
experimentally additional mobility points out that the interface plasmon mode is more
significant than SO phonons in this work, as supported by the existing sophisticated
simulation[8§].

Therefore, we reasonably confirm that Coulomb drag due to interface plasmons
to be the dominant remote Coulomb scatterers and the main source of degraded
mobility in ultrathin gate oxide polysilicon stacks. In addition, validity of

Matthiessen’s rule used in this work has been verified .
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Figure 2.2
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The flowchart of Schrodinger and Poisson self-consistent process.
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Figure 2.3 The calculated universal mobility (solid lines with symbols) versus

vertical effective electric field with substrate doping concentration (Py,) as a parameter.
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Figure 2.4 The simulated universal curves (solid lines with symbols) with Ny, as a

parameter by different definitions of vertical effective electric field in surface

roughness’s model: (a). The experimentally empirical formula. (b). The definition of

vertical electric field in Eq.(2.30) [14].
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Figure 2.5 The calculated remote Coulomb-limited mobility (symbols) due to
ionized impurity atoms in polysilicon depletion region in reproducing simulated data
(lines) [5], plotted versus vertical effective electric field for the three oxide

thicknesses of 1, 1.5, and 2 nm.
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Figure 3.1 The comparison of the measured (symbol) and simulated (lines) gate

capacitance versus gate voltage. In addition, the dotted lines came from the

self-consistent Schrodinger and Poisson’s equations solvers [15].

38



N* Source N* Drain

Electron Inversion layer

P-type Substrate

Figure 3.2 The schematic diagram for current flow of nNMOSFETs with large gate

tunneling current. Besides, Is>0 and [4<0.
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Figure 3.3 Measured electron effective mobility (Solid lines with symbols) versus
vertical effective electric field for (a). W/L=10/10 pm with the three temperatures of

233, 263, 298 K. (b). W/L=1/1pum with four temperatures of 292, 330, 360, and 380 K.
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Gate contact

N* -Poly Gate

Figure 3.4 The simulated doping profile of nMOSFETs. Here, the blue color

represents p-type doping and red color depicts n-type one.
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interface of SiO,/ f==
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The interface between shallow
junction and channel region.

Figure 3.5 The simulated electrostatic potential profile of nMOSFETs.
D amnel arain 15 the potential which locates in the surface between drain extension

region and channel region. Its value is extracted below the SiO2/Si substrate interface

2.5 nm.
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Figure 4.1 Comparison of simulated electron universal mobility curves for two

temperatures of 242K and 297K in this work (dotted lines) with the experimental one

(solid lines) [17].
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Figure 4.2 Calculated effective mobility (solid lines), the simulated one (dotted
lines), and the measured one (lines with symbols) for three temperatures of 233, 263,
and 298 K with W/L=10/10 um, plotted versus vertical effective electric field for (a) A

=26A,(b)A=2.0A,(c)A=18A, (d)A=16A,(e)A=14A,and () A=12A.
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Figure 4.2 Calculated effective mobility (solid lines), the simulated one (dotted
lines), and the measured one (lines with symbols) for three temperatures of 233, 263,
and 298 K with W/L=10/10 um, plotted versus vertical effective electric field for (a) A

=26A,(0)A=20A,(c)A=18A,(d)A=1.6A,(e)A=14A and (HA=12A.
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Figure 4.3 Calculated effective mobility (solid lines), the simulated one (dotted
lines), and the measured one (lines with symbols) for four temperatures of 292, 330,

360, and 380 K with W/L=1/1 um, plotted versus vertical effective electric field for (a)

A=14A, (b)A=12A4,(c)A=104,(d)A=08A.
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Figure 4.3 Calculated effective mobility (solid lines), the simulated one (dotted
lines), and the measured one (lines with symbols) for four temperatures of 292, 330,
360, and 380 K with W/L=1/1 um, plotted versus vertical effective electric field for (a)

A=14A, (b)A=12A4,(c)A=104,(d)A=08A.
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Figure 4.4 The experimentally assessed additional mobility (solid lines) for three
temperatures with W/L=10/10pum, plotted versus vertical effective electric field for (a)
A=20A,b)A=18A,(c)A=16A,(d)A=14A,and (e) A=1.2 A. Also shown is
the calculated remote Coulomb scattering limited mobility (dotted lines) due to ionized

impurity atoms in polysilicon depletion region for three temperatures.

49



Figure 4.4

Data (This work) : M —
Cal. RCS (This work) : W/L=10/10 um
- = T=233K— — T=263K-— — T=298K

_-6 3' ————————————
n“-’
rd

I.‘onized impurity atoms in poly

=9
oh

ﬁ—""‘-—_________

—
o@

Additional Mobility (cm?/Vs)

2 2 1 A 1 A A
0.6 0.8 1.0 1.2 14 1.6

E, (MV/cm)
()
o [Pata (This work) : | A=1.4.10° cm
10 T=233K e T=263K cmmm T=298K |
Cal. RCS (This work) : WIL=10/10 pm
- — T=233K— — T=263K— — T=298K

e o ——— o —— ]
- o -
P @
-

Ic;nized impurity atoms in poly

——%

S

Additional Mobility (cm#Vs)

M 1 M 1 A 1 M 1 M
06 08 10 12 14 16
E_(MV/cm)

(d)

The experimentally assessed additional mobility (solid lines) for three

temperatures with W/L=10/10pum, plotted versus vertical effective electric field for (a)
A=20A,b)A=18A,(c)A=16A,(d)A=14A,and (e) A=1.2 A. Also shown is

the calculated remote Coulomb scattering limited mobility (dotted lines) due to ionized

impurity atoms in polysilicon depletion region for three temperatures.
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Figure 4.4 The experimentally assessed additional mobility (solid lines) for three
temperatures with W/L=10/10um, plotted versus vertical effective electric field for (a)
A=20A (b)A=18A,(c)A=1.6A,(d)A=14A,and (e) A=1.2 A. Also shown is
the calculated remote Coulomb scattering limited mobility (dotted lines) due to ionized

impurity atoms in polysilicon depletion region for three temperatures.
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The experimentally assessed additional mobility (solid lines) for four

temperatures with W/L=1/1pum, plotted versus vertical effective electric field for (a) A
=14A,(b)A=12A,(c)A=1.0A, and (d) A= 0.8 A. Also shown is the calculated

remote Coulomb scattering limited mobility (dotted lines) due to ionized impurity

atoms in polysilicon depletion region for four temperatures.
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Figure 4.5 The experimentally assessed additional mobility (solid lines) for four
temperatures with W/L=1/1pum, plotted versus vertical effective electric field for (a) A
=14A,(b)A=12A,(c)A=1.0A, and (d) A= 0.8 A. Also shown is the calculated
remote Coulomb scattering limited mobility (dotted lines) due to ionized impurity

atoms in polysilicon depletion region for four temperatures.
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Figure 4.6 Temperature coefficients of extracting experimentally additional

mobility (solid lines) in this work, along with those of the calculated remote Coulomb
scattering (RCS) limited mobility (dotted lines) due to ionized impurity atoms in
polysilicon depletion region. Also represented is the possible range where the

simulated temperature coefficient [6] yielded a value of - 4.15 cm*/VsK.

54



i =— Data (Xiang,et al. [23], tox=1.7 nm, T=300K)
n N Data (Yang,et al. [5], tox=1.5nm, T=300K)
NE 10" Fcal. RCS (This work)
= p— = T=233K— — T=263K-— — T=298K
S : Data at T=298K (This work)
R~ S S ol S PR [ LR
£V -0
_g 4 " lonized impurity atoms in poly
= 4
© n A=2x10" em
S / A=1.8x10" cm =
5 10° A=1.6x10"" cm
E 10
- 8 i
_ ~ A=1.4x10°cm  W/L=10/10 um
0.6 0.8 10 1.2 14 1.6
E__(MV/cm)
Figure 4.7 Comparison of the experimentally assessed additional mobility (solid

lines) near room temperature versus vertical effective electric field with the published
[5] and [23] (lines with symbols). Also shown is the calculated remote Coulomb limited
mobility (dotted lines) due to the ionized impurity atoms in polysilicon depletion region

for three different temperatures.
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(line with circle) from [18], and the calculated remote Coulomb scattering (RCS)
limited mobility (dotted lines for three different temperatures) due to the ionized

impurity atoms in polysilicon depletion region.
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Figure 4.9 Calculated universal mobility curves with surface roughness amplitude

(A) as a parameter, along with experimentally extracted mobility for temperature

dependent comparison in (a). W/L=10/10 pm and (b).W/L=1/1pm.
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Experimentally extracted additional mobility versus vertical effective
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field with A=1.2 and 1.4 A in (a). W/L=10/10 um for three different temperatures, and
(b).W/L=1/1um for four temperatures. The inset shows simulated inversion-layer

density as a function of vertical effective field for two temperatures.
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Figure 4.11  The experimental effective mobility, simulated universal mobility, and
corresponding additional one, plotted versus temperature for W/L=10/10 um and
1/1pym at fixed inversion-layer density of 1x10" ¢cm™ in order to make an accurate

comparison with simulated interface plasmons limited mobility [6].

59



-0.5

Fischetti (T=292 to 380K; Th_omas-Felmi-damping) [6]

o ——

§ Fischetti (T=292 to \:’BOK; Landau-damping) [6]
Fischetti (= 233K;Thomas-Fermi-damping) [6]

15 F “~_Fischetti (F+233K; Landau-damping) [6]]

T P S ) TS e - -

Y e il

-—
o
—

T e e mmm e —

Power-Law Exponent y
o

o -a

Surface roughness amplitude (x10 cm) :

25 |\ W/L=1/1pm: A=1.4 A=1.2 A=1.0 A=0.8

W/L=10M10pm: — — A=14— —A=12— —A=1.0—- — A=0.8
A [ i 1

1.0 1.1 1.2 1.3 14
E__(MVicm)

Figure 4.12  Fitted temperature power-law exponent with W/L=10/10 pm (dashed

lines) and W/L=1/1 um (solid lines) versus vertical effective field for four surface

roughness amplitudes. Also shown are those from the simulated published (points) [6].
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Figure 4.13  (a) Comparison of the simulated universal mobility from two different

calculation methods between Eq. (4.3) and Eq. (4.4), plotted as a function of vertical

effective electric field for three temperatures; and (b) the corresponding errors.

61



Electron Scattering and Physical Parameters for Si

. Ferry | Takagi | A.Pirovano | W. J. Zhu
This Work [11] 12 21] 22]
Acoustic Phonon
D (eV) 12 12
Optical Phonon for
kg, Intervalley 10 7-10 19.2
Dy, (x108 eV/em)
Crystal Density
p (kg/cm®) 2329 2329
Sound Velocity
S, (m/s) 9037 9037
Surface Roughness
Amplitude 0.8-2 2.6 1.6 - 2.5 1.2
A (x10-% cm)
The Correlation
Lengthot Surface ) 149 14.9 10- 20
oughness
2. (x10-% cm)

TableI Electron scattering and physical parameters for Si used in this work as

comparison with the values in recently published.
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Process Parameters of the Devices

W/L=10/10 pm W/L=1/1 pm
Oxide Thickness
T,  (nm) 1.65 1.27
P-type Substrate
Doping Concentration 8x10!'7 ¢cm3 4x10'7 ecm3
Psub (cm—.'i)
N-type Polysilicon
Doping Concentration 9x10!" ¢m3 1x10* cm™
Npoly (cm'3)
Temperature (K) 233, 263, 298 292, 330, 360, 380
Ry (2/pm) no 117

Table I Process parameters of the-devices for ntMOSFETs used in this work.
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Parasitic Source/ Drain Resistances (£2/pum)

Temperature (K)| V=08V V=10V V=12V
292 K 124 105 99
330 K 125 106 98
360 K 126 106 99
380 K 127 108 100

Table III The extracted parasitic source/ drain resistances for four temperatures with

Vg=0.8, 1.0, and 1.2 V by TCAD simulator [16].
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