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Abstract

In this paper, a charge sheet surface potential based model for strained-Si nMOSFETs is presented and vali-
dated with numerical simulation. The model considers sub band splitting in the 2-DEG at the top hetero-
interface in SiGe layer and also the dependence of electron concentration at heterointerface with the gate ox-
ide. The model is scalable with strained-Si material parameters with physically derived flat-band voltages.
An explicit relation for surface potential as a function of terminal voltages is developed. The model is de-
rived from regional charge-based approach, where regional solutions are physically derived. The model gives
an accurate description of drain current both in the weak and strong inversion regions of operation. The re-
sults obtained from the model developed are benchmarked with commercial numerical device simulator and

is found to be in excellent agreement.
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1. Introduction

As conventional Si MOSFETs are scaled into nanometer
regime, maintaining performance enhancement beyond
90-nm technology node is becoming extremely difficult.
Stress/strain engineering has now become indispensable
to meet the performance targets of the International
Technology Roadmap for Semiconductors (ITRS) for
devices [1]. According to the ITRS roadmap, a precisely
controlled process flow for the incorporation of new ma-
terial such as, strained-Si in Si CMOS technology is be-
coming crucial for deep sub-micron CMOS devices.

Among the possible solutions, engineered substrates,
in particular, substrate-induced strained silicon (strained-Si)
has been identified as very promising for channel engi-
neered MOSFETs as it improves the CMOS performance
[2-6]. In this case, the strain is introduced at the substrate
level before the transistor is built (opposite to proc-
ess-induced strain currently being used in 45 nm tech-
nology node).

Due to strain introduction at the starting materials
stage, global or wafer-scale strained-Si is more universal
in nature and some of its attributes or specifications can
be addressed more generally. The approach depends
largely on materials engineering, rather than device de-
sign. The strain stretches the silicon lattice by about 1%.
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For strained-Si, a graded layer of silicon germanium
(SiGe) is grown on top of a bulk silicon wafer. A typi-
cally 2 um thick SiGe layer having a 20-30% germanium
concentration, with a higher concentration of germanium
atoms at the top is used. Then a relatively thin layer of
silicon, about 20-nm thick, is deposited on top of the
SiGe layer. For detail, the reader may refer to the special
issue on strained-Si: materials and devices [7]. The
technology for the growth of high quality strained-Si
layer on completely relaxed, step-graded, SiGe buffer
layer has been reviewed by Maiti ef al. [8-10].

Since early 1990s, strained-Si on silicon germanium
(SiGe) substrates is being explored in an effort to boost
CMOS performance [8,11,12]. The mobility advantage
the strain offers at no significant additional processing
cost which makes it an important candidate among vari-
ous choices for performance enhanced devices. Until
now, the substrate-induced biaxial strain has offered the
best results for long channel (over 100% mobility en-
hancement) which, however, indeed occurs at low elec-
tric field and for high strain.

For biaxial tensile strain, the key component of the
enhanced mobility results from the lowest energy sub-
band having a low conductivity effective mass. Biaxial
tension in strained-Si grown on relaxed-Si; _Ge, virtual
substrates alters the Si band structure by splitting the
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subband degeneracy in both the conduction and valence
bands and reducing the band gap [13,14].

2. Strained-Si CMOS Technology

Towards strained-Si CMOS technology development,
low temperature oxidation and the deposition of other
dielectric film formation such as nitride, oxynitride on
strained-Si have been reviewed in reference [15]. How-
ever, many issues remain unresolved. Currently, research
in this area is mainly focused on its use for low power
digital circuit design. However, as with all CMOS gen-
erations, there will eventually be strong interest in
mixed-signal applications. The efficiency in the design
of both the digital and analog integrated circuits depends
very much on the accuracy of the analytical transistor
models involved in the circuit simulation. In particular
analog circuit simulation requires an accurate prediction
of drain current as a function of the applied voltage.

Compact MOSFET models can be broadly classified
into three categories, i.e. 1) threshold voltage based
models, 2) inversion charge based models and 3) surface
potential based models. The earliest MOSFET model
included in the SPICE circuit simulator was threshold
voltage based. However, inherent discontinuities in ca-
pacitances and conductances across different operating
regions limit the use of this model [16]. Complexity is
also an important constraint for the so-called compact
transistor models; the model used should be as simple as
possible in order to limit circuit simulation time. More-
over, it has been found that it fails to predict correctly the
harmonics of intermodulation distortion in RF circuits
[17]. Several compact models for bulk-Si MOSFETs
have been developed and are in use for efficient IC de-
sign. Surface potential and inversion charge based com-
pact models have been developed to avoid above prob-
lems [18-21].

The surface potential based model (SPBM) for the
bulk MOSFET has now been widely accepted as the
de-facto industry standard as it is able to predict the out-
put characteristics accurately. But the problem with
SPBMs is that an implicit equation has to be solved [22]
to evaluate the correct surface potential (SP) in all re-
gions of operation. However, the solution of these equa-
tions iteratively, using numerical algorithms [23], results
in computational inefficiency and non-convergence in
circuit simulators. In order to reduce computation time,
an explicit, yet accurate, relation between surface poten-
tial @, and the terminal voltages is preferable.

Several analytical models for threshold voltage have
been reported in the literature [24-27]. However, to the
best of our knowledge, there is no surface potential
based analytical model of drain current for strained-Si
n-MOSFETs considering the sub band splitting in the
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two-dimensional electron gas (2-DEG). Such models
would be necessary in order to incorporate these devices
in the next generation CMOS VLSI circuit design.

In this paper, we report on the surface potential based
analytical model for drain current of heterostructure
strained-Si n-MOSFETs considering the carrier transport
at the strained-Si/SiGe heterointerface as well as at
strained-Si/Si0O, interface. The physics-based model in-
cludes a regional approximated expression for weak and
strong inversion and is scalable with the terminal bias
and also strained-Si material parameters, such as, Ge
mole fraction (x), strained-Si layer thickness (Zs5) and
wide doping range (Nss;) considered in the investigation.
The key idea is to derive physical relations of the
flat-band voltages (V) for the strained-Si devices and
apply them to the regional surface-potential (®;) and
charge-based solutions that can be added to form a uni-
fied solution. In this work, our main focus has been in
the weak to strong inversion region and to derive rela-
tions which are suited for circuit simulation. In Section 3,
the analytical model for the current-voltage (I-V) char-
acteristics for strained-Si n-MOSFETs has been devel-
oped. The results are compared with numerical simulated
data in Section 4.

3. Analytical Model

3.1. Device Structure and Operation of
Strained-Si n-MOSFETs

A schematic diagram of a strained-Si n-MOSFET is
shown in Figure 1, where Vg, Vg, and V, represent the
gate, drain, and bulk voltages, respectively. It may be
noted that for the n-MOSFET, Vi and V are positive
voltages while V is usually negative. The device con-
sists of a SiO, gate dielectric layer of thickness ¢,,, and
strained-Si layer of thickness g, and a relaxed SiGe
buffer layer of thickness #g;c,.. These layers are grown on
a p-type substrate.

Other important parameter for strained-Si MOSFETs

v, v
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Figure 1. Cross-sectional view of a strained-Si n-MOSFET.
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is the Ge mole fraction (x) in Si;_,Ge,, which not only
determines the conduction-band discontinuity (AE¢ ) at
the Si/Si; _ ,Ge, heterointerface but also the mobility of
electrons in the 2-DEG. The typical values of these pa-
rameters are £,, = 10 nm, tg; = 20 nm, x = 0.20, and Ngg;
=1 x 10" ecm™. The depletion-layer width (W) in the
doped silicon substrate extended as V; is made more
positive and reached a maximum value at Vg = Vigice,
when strong inversion occurs at the top heterointerface (x
= tgs). With further increase in Vg, the sheet electron
concentration in the 2-DEG in SiGe at the StSi/SiGe het-
erointerface will increase, resulting in an increased po-
tential drop across the strained silicon and oxide layers.
Figure 2 shows the energy band diagram of the
metal/SiOy/strained-Si/SiGe/p-Si  structure under this
condition. At Vs = Vrgs;, the bands bend sufficiently to
create inversion at the Si/Si0, interface. When Vg > Vi,
the drain-current (/) is due to the flow of electrons in
the strained-Si/SiGe heterojunction as well as the
StSi/Si0, interface. For analytical modeling of the drain
current of strained-Si/SiGe n-MOSFETs, it is necessary
to obtain suitable expressions for the electron concentra-
tions in both the channels as a function of V. This is
discussed in the next two sub-sections.

3.2. Position of Fermi Level in Strained-Si Layer

The lattice mismatch between Si and Ge, which is 4.2%
at room temperature, requires tensile or compressive
strain of the active Si; _,Ge, layer to match the in-plane
lattice when it is pseudomorphically grown on a Si; _,Ge,
substrate layer (x # y) [2]. Strain changes the band struc-
ture and form band offset between the active material
and the substrate material. This paper focused on the
biaxial tensile strained-Si on relaxed SiGe heterostruc-
ture. Biaxial strain is composed of uniaxial extension in
growth direction and a hydrostatic strain in all directions

Metal | SiO, | StSi | SiGe Si
v,
Z SiSi é Z.\'i(h*
av,, g
AE E
_______ ALl 74_,;3_ || __E
i) T s
/AE—\ E,
Strained-Si/Si, Ge, ,

Figure 2. Energy band diagram of metal/SiO,/SSi/SiGe/p-Si
structure.
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[2]. The uniaxial components give rise to splitting of
degenerate energy levels, whereas the hydrostatic com-
ponent give rise to uniform shift of the center of gravity
[8]. Hydrostatic strain shifts the average position of the
valence and the conduction band by AE, , and AE,, ,
respectively [8],

1-2v

AE, =a (2¢g +¢&, )=2¢ a 1

v,av v( Il L) 1—V v ( )

AE,, =a, (ZgH +3L):23 11_2V a, )
-V

where v is Poisson’s ratio. a, and a. are the numerical
values of the hydrostatic deformation potentials. &, and

g, represents parallel (in-plane) and perpendicular (to

the interface) strain tensor. ¢ represents the strain state
of the semiconductor. For simplicity we assume the per-
pendicular direction in [001], a threefold degenerate va-
lence band at & = 0 (light holes 1, heavy holes 2,
spin-orbit split-off holes 3) and an indirect conduction
band with sixfold degenerate A valleys (in the (100) di-
rections). The biaxial strain in the epitaxial plane can be
considered as hydrostatic deformation superposed by an
uniaxial strain (&, —¢ = E) perpendicular to the plane.

In the absence of strain the threefold degeneracy of the
valence band is already lifted by the spin orbit interaction
and splits the bands by an amount of A,. With respect to
the average band position E, ,, two bands are shifted up

by an amount of %AO (the light and heavy hole bands,
which are denoted E,;, E,;), while one band is shifted
down by an amount %AO (the spin-orbit split-off band,

which we denote E,3). For completeness the relations of
band offset, lifting of the valence band degeneracy by
strain and spin-orbit interaction have been considered.
The superposition of both effects is nonlinear for the
light hole and spin orbit split-off band. The energy split-
ting of the valance bands is given by [8,28],

AE, = —%AO +§E +%\/A§ +2AbE+9P°E:  (3)

AEVQ :éAO —bE (4)
1 b 1 2 202
AE, = A, +5E—5\/A0 +2ALE +0°E (5)

Under the action of uniaxial strain along [001] direc-
tion, the bands along [100] and [010] directions split off
from the one along the [001] direction, i.e. it lifts the
sixfold degeneracy of the conduction band into the four-
fold degenerate bands with energy minima lying in-plane
and the twofold degenerate band with energy minima
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lying perpendicular to the (001) plane. The uniaxial in-
duced energy shifts of the conduction bands are given by
[28]

2

001 _ 2, 1+v
AEY, _Ebc(gL -£) _Eb"g_l—v (6)
1 1+v
100,010 _
AL, ——Ebc(gl ,9”) b g—l y @)
Fora,=2¢eV,a.=3¢eV,b,=-25eV,b.=9¢eV, Ay =

0, v =1/3 under either tensile biaxial strain of magnitude
0.01 the band average E, ,, is shifted up by 20 meV. Ten-
sile strain further shifts up the light hole (1 h) energy lev-
els by 100 meV while heavy holes (hh) are lowered by
50 meV and the spin-orbit split-off holes (soh) are de-
generate (A = 0) with heavy holes at £ = 0. As a result of
tensile strain the light holes energy (E,,) are lifted by
120 meV, while the heavy holes (£,, = E,;3) are lowered
by 30 meV.

The conduction band splitting (4E, spsiuing) between the
lower m-fold degenerate bands and the raised n-fold de-
generate bands may be determined from Equations (6)
and (7); where for tensile strain, m = 2 and n = 4 and in
the case of compressive strain, m = 4 and n = 2. The ef-
fective density of states in the conduction band, N, g is
therefore defined by [29,30]:

3/2
AEc,splitling % kaT (8)
kBT 27Z'hz

where kj is the Boltzman constant, m is effective mass of
electron. In the valance band, strain causes the splitting
of degenerate valance bands at the I' point. The splitting
reduces the occupation in the lowered subvalleys and
therefore decreases the density of states. The valance
band splitting (4E, ;iuing) can be obtained from Equa-
tions (3), (4) and (5). Thus N, s5; can be obtained using an
analysis analogous for N, ss; [29,30]:

AE N T )2
N, =2 3/2 +m3/2 ex v,splitting « B
V,SSi [ v €Xp kT Py

©)
where my and m,, are the effective hole masses of the
raised and lower band respectively. The contribution of
spin split-off band (v3) have been neglected because it is
far from the top of the valance band edge. The band gap
and affinity can be expressed as:

Eg,SSl Eg SiGe +AEC _AEV (10)

Xssi = Xsige —AEc (11)
where the indexes ‘SSi’ corresponds to the bandgap and
affinity values for strained-Si. Y, is the electron af-
finity of the SiGe. Since, we are concerned with the
strained-Si channel, valance and conduction band off-set
are calculated with respect to strained-Si layer. Ge mole

N, s = Z[m +nexp[—
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fraction dependent expressions are given by [31,32]:

E, g6.(x) =1.155-0.43x+0.0206x* [eV] (0 < x < 0.85)
(12)
Ne si6.(x) =[2.80+(1.04-2.80)x]x10"” [em™]  (13)

Ny 56.(x) =[1.04+(0.60-1.04)x] x10" [em™]  (14)

where Eg gige. Ncsice and Nygig. are the band gap, con-

duction and valence band densities of states in SiGe,

respectively. To estimate the permittivity of the Si; ,Ge,

alloy, we use the Clausius—Mossotty relationship [33]:
Esige 1 1 “:G -1

=(- X) - (15)

gS,GL+2 +2 gG +2

4

Based on the above relatlon, the following simplified
expression may be obtained as:
2(A4+B)+1

EsiGe = m (16)

where A4 =(1-x) %17 and B= x— foe 1
Eg+2 L2
The above models are incorporated in the Sentaurus
device [34] simulator (for comparison study) as well as
in our analytical model. The intrinsic carrier density of
strained-Si and SiGe layer may be expressed as,

E, s
1 ssi =~ NessiNy ssi [_ ZicT J 17
E SiGe
1, sice = Ne sice Ny sice (_ ngT J (18)

where Ncgs; and Ny g are the conduction and valence
band densities of states in strained-Si, respectively. Now
an average Fermi potential in for strained-Si can be ex-
pressed as:

N, N
Pr ssi :k_T ln( = J"' ln( = ] (19)
2q n; ssi 1; SiGe

3.3. Sheet Electron Concentrations in Channels
as Functions of Vg

For strained-Si MOSFETSs, the bandgap, affinity, density
of states, and intrinsic carrier density of the strained-Si
and SiGe layers are function of stress and Ge mole frac-
tion in the Si; ,Ge, layer. An accurate determination of
the voltages at which electron accumulation at different
interfaces occurs is the key to the physical modeling of
the charges in strained-Si MOSFETs. Here we use sub-
scripts “1” and “2” to denote physical quantities at the
strained-Si/SiO, and strained-Si/SiGe interfaces, respec-
tively. The strained-Si flat band (ignoring depletion
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within a thin layer of Debye length) is defined as the
voltage at which the accumulation starts at the
strained-Si/SiO, interface and is given by,

E i QOX
Vig = 0y _[ZSSI' +gT$+¢F,SSiJ_C_ (20)

Hole accumulation at the strained-Si/SiGe interface
occurs when Vgp reaches the flat band voltage Vpp,, at
which the top strained-Si layer is depleted of mobile
charges. At Vg = Vipo, a thin layer equivalent to the
Debye length is also depleted. Vpp, can be calculated
from the Poisson’s solution as

E ,SiGe Qox
Vigs = Pu _[ZSiGe + g2 +¢F,SSij_ C. +
q (tSSiNSSi + NSiGeLD) n qNssJé& n 4N sige Lplss " qNSiGeLi)
C. 2eg EsiGe 286,
= Vg + AV
(21)
AE,
where AV, =AE. +T+ AV, (22)
V- q (tss,'Nss; + Ngg.Lp ) n qNSSit§Si
» Cox 2853[
and , (23)
4 9N sigeLplssi + 9Nsig L
EsiGe 2846,

is the flat band shift due to the charges and potential
drops in the strained-Si and the Debye length in SiGe is,
given by

L, = s (24)

The depletion region should lie between Vyp, and V,,
since below Vg, holes start to accumulate at the
strained-Si/SiGe interface.

3.4. Drain-Current Model

The Pao-Sah relation [35] for surface potential based
bulk Si MOSFET is given by,

Veg =Viz — @, =

y\/;ﬁs +u, [exp(—ﬁj - 1} +u, exp [M]x {exp[&] - 1}
ut ut ut

(25)
where Vg is the flatband voltage, u; is the thermal volt-
age defined by kT/q, ¢. is the strained-Si Fermi poten-

tial defined by Equation (19) and y is the body factor

defined by 4/2ge,;Ng; /C,. and the gate oxide capaci-
tance per unit area C,, is given by &,,/t,.. The bulk refer-
enced quasi-Fermi potential V' is equal to V), and V,, at
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the source and drain end, respectively. The above rela-
tion is valid for all values of gate-bulk voltage Vs and
gives an accurate description in all regions of operation
(accumulation, depletion and inversion). In the useful
range of operation (depletion and inversion region), ¢,
is positive and generally > u, So, the Pao-Sah rela-
tion reduces to

Vy ~Vyy—, = y\/ by +u exp[wJ 26)
u

t

In the weak-threshold region (Vi < Vg < V;) or (0 <
¢, <2¢. + V), the exponential term in Equation (26)
becomes negligible and we get a quadratic equation for
surface potential. They are calculated from Pao-Sah
equation as

2
2

¢wz’,1 = [_%"' }/T"' Ve =Vim J 27)

and Qh,wi,l = _Ca)c}/ ¢wi,l (28)

For strong inversion region (Vg > V,) or (¢, > 2@,
+ V), the exponential term in Equation (25) becomes
dominant. A fairly accurate approximate expression of
surface potential in this region can be obtained by con-
sidering all the ¢, apart from the dominant exponential
term of Equation (26) to be constant at a value of 2¢, +
V. Thus,

2
V., ~Vp —
¢SSI,1 =24, +V +u, xln{%x{[%ﬂ%) — @y +”:}:l
t

(29)

For conduction in the s-Si/SiGe interface, the deple-

tion region should lie between Vg, and V,, since below

Viga, holes start to accumulate at the strained-Si/SiGe

interface. Thus the regional depletion charge from Pois-
sons solution is given by

Qb,wi,Q = _Coxj/ ¢wi,2 (30)

2

2
where ¢,,, = £_%+ %*’ Vo =Vina ] (31)

As for the other interface, a smoothing parameter is
used to avoid negative square roots in the equation for
surface potential and to make it continuous with the ac-
cumulation region. However, we have not included the
accumulation region yet in our model. On similar lines,
for strong inversion region,

¢SS1‘,2 =24, +V +
u, x1n [ix{(w] 4 +u H (32)
u[ Y
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For any interface, at any region total current is the sum
of the drift component (/;.) and the diffusion compo-
nent (/4 with the surface potential being used in the
relations corresponding to the regions of weak or strong
inversion for the different interfaces. For the calculation
of the drain current /I, the stress induced mobility x have
been taken [35]. Again under the assumption of the
gradual channel approximation and the charge sheet ap-
proximation, the drain current may be written as [36-38]:

Ly =1y +1

iy (33)
where the drift component /,.;; and diffusion component
1y are given by:

Idriﬂ =

,qu _{(VG - VFB - %j(@i - ¢s0 ) _g (¢3/2 ¢\3(;2 )}
(34)

and

g =G L (67 -8 )+ (9, -00)] 59

Here ¢, and ¢XL denote the electrostatic surface
potential at the source and drain side, respectively and
required to calculate I , are obtained numerically under
the following boundary conditions

g.={%

where V, and V, are the source to substrate and drain
voltage, respectively. In sub-threshold region, ¢,
almost equal to ¢, , and even a small error in the value
of ¢, and ¢, can lead to a large error in the diffusion
current (/4), which depends on difference of g, — g, .
Therefore, an accurate value is required for surface po-
tential, particularly for current calculations. With the
help of Equation (26), the above difficulty can be simpli-
fied by rewriting Equation (35) as:

ﬂ)r VIVb
for V:V:,,+Vds (36)

¢X_VSB_2¢F)_

t

8 )t

w
dlff luccox L uty{(\/¢s0 +ut eXp(
(37

¢s ¢F )) + (¢|/2
ut

\/ P +u, exp(

In our model, we have considered the two drain-cur-
rent components separately, i.e., 5% at the 2-DEG in
SiGe and [/ i,Si at the strained-Si/Si0, interface.

1) Current in the 2-DEG in SiGe | ijG‘) : The dominant
component of the current in the weak inversion region is
due to the diffusion of electrons in SiGe layer and in
strong inversion region is due to the drift of electrons
in the 2-DEG in SiGe due to the application of a drain
voltage (V). When the current flows in SiGe layer, the
channel potential with respect to the source rises con-
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tinuously from source to the drain. For Vi, < Vg < Vi,
current is dominated only by diffusion component.

2) Current at the strained-Si/SiO, Interface I;SSl: The
dominant component of the current in the weak inversion
region is due to the diffusion of electrons in strained-Si
layer and in strong inversion region is due to the drift
of electrons in the 2-DEG in strained-Si due to the ap-
plication of a drain voltage (V). When the current flows
in strained-Si layer, the channel potential with respect to
the source rises continuously from source to the drain.
When Vig, < Vi < Visige, the diffusion components of
current in strained-Si and SiGe layer are dominant. Vg,
is the threshold voltage for strained-Si/SiGe heterolayers.

So, I, = ij;lm, + Ij;Gdjﬁ, (38)

Now, we consider a threshold voltage for the channel
at the strained-Si/SiO, interface denoted by Vrgs; which is
defined as the gate voltage at which the potential at the
strained-Si/S10; interface is equal to 2 ¢@,. . For Vigig. < Ve
< Vrssi current is flowing for the drift component of the
current in SiGe layer and diffusion component of current
in strained-Si layer. Thus

SiGe SSi
Lys = Log arin + Lis.aigy 39

Also, for Vg> Vqgg; drift currents flow through both
the layers in the strong inversion region. Hence

SiGe SSi
Ly =1y aip T +1, Jdrift (40)
4. Results and Discussion

The surface potential ¢, as a function of gate voltage
(V) for bulk-Si and strained-Si MOSFETs are shown in
Figure 3. To reduce the computational time and maintain
the accuracy, an explicit description of surface potential
with regional approximations has to be made to Equation
(25). A distinction can be made between weak inversion
and strong inversion, as indicated in Figure 3. In the
weak inversion region 0 < ¢, <24, + Vg, the exponen-
tial term in Equation (25) is negligible as shown in Equa-
tions (27) and (31). In the strong inversion region, ¢, >
2@, + Vi and the exponential term in Equation (25)
becomes dominant. Accurate expression for surface po-
tential in strong inversion is expressed in Equations (29)
and (32) [35]. The surface potential becomes practically
independent of high gate voltage and become saturate.
The drain current for an ideal long-channel MOSFET
given by Equations (38), (39) and (40), has been calcu-
lated using surface potential values. The complete cur-
rent-voltage (/;-V) characteristics obtained using the
surface potential model (dashed-dot lines), are shown in
Figure 4. The figure shows the drain current (/) and its
component diffusion current (/) and drift current (Z;44),

ENG



T.K.MAITI ET AL. 885

1.6 |.—=— bulksi

—@— strained-Si . .
StI'Ol’lg-l]flVeI'SlOl’l

Surface potential (V)

Gate voltage (V)

Figure 3. The electrostatic surface potential @, as a function
of gate voltage Vg The results of the weak and strong
inversion approximation are shown for bulk-Si and
strained-Si MOSFETS.

as a function of Vg at V= 0.1 Vand Vi =0 V. As can

be seen from the figure, in strong inversion Iy = Iy

(dotted line) so that the current is mainly due to drift ve-

locity of electrons. In weak inversion /= I;; (dotted line)
and the current is mainly due to diffusion of electrons.

The model has been successfully implemented in
MATLAB. To validate our model, the results obtained
from MATLAB are compared with the simulated data
obtained using Sentaurus device simulator [34]. Figure 5
shows current-voltage characteristics comparison be-
tween the results obtained from the model with results
obtained from Sentaurus simulation. In practice, however,
the electrical characteristics of a MOSFET deviate from
the simulated behavior. This is due to the fact that vari-
ous physical effects, such as, mobility reduction, velocity
saturation, series resistance, channel length modulation,
static feedback, drain induced barrier lowering and
weak-avalanche amongst others can be fully captured in
simulation. In the following, we develop the drain cur-
rent model for strained-Si nMOSFETs based on regional
approximations to circumvent the implicit relations for
@, discussed above. This is done by separately modeling
weak and strong inversion regions. However, there is a
region between the weak and strong inversion, called the
moderate inversion, where both the drift and diffusion
components are important and this region can be easily
modeled using a smoothing function [39]. We have em-
ployed polynomial fits to get good accuracy in moderate
inversion region. A close match is found with simulated
data considering 4™ order polynomial fit. This type of
model can be used for circuit simulation because of its
simplicity and accuracy. Device simulations have been
performed using Sentaurus device tool [34]. The trans-
port parameters used in the drift-diffusion simulation
have been taken from the StrainedSilicon.par parameter
file.
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Figure 4. The drain current as a function of gate voltage
(V) based on surface-potential model. Diffusion current
(Laygp), drift current (I4), and total current (1= Ly + Lyyip)
for both bulk-Si and strained-Si MOSFETSs.
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Figure 5. Comparison of current-voltage characteristics
obtained from the model developed with results obtained
from Sentaurus simulation.

5. Conclusions

A charge sheet surface potential based analytical model
for strained-Si MOSFETs is presented and validated with
numerical simulation. The model considers the sub band
splitting in the 2-DEG at the top heterointerface in the
SiGe layer and also the heterointerface at the strained-
Si/Si0, interface. The model is scalable with strained-Si
material parameters with physically derived flat band
voltages. The model is developed based on the regional
charge-based approach, where regional solutions are
physically derived. The developed model may be used
for circuit simulation involving strained-Si MOSFETs
for the next generation ULSI circuits. The modeling of
ultra-short (below 90 nm) channel strained-Si devices,
however, will require further developments on precise
description of physical effects such as series resistance,
velocity saturation, channel length modulation, static
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feedback, self-heating and drain induced barrier lower-

ing.
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