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ABSTRACT
Strained-silicon devices have been receiving
considerable attention owing to their potential for achieving
higher performance due to improved carrier-transport
properties, i.e., mobility and high-field velocity [1]. The
aim of this paper is to propose, for the first time, a novel
analytical model for the threshold voltage of nanoscale
strained-Si/SiGe MOSFETs and analyze its dependence on
various device parameters. The proposed model correctly
predicts the threshold voltage over a wide range of channel
lengths and different Ge contents. Our compact model also
accurately demonstrates the effect of increasing Ge content
on threshold voltage roll-off.
Keywords: strained-Si/SiGe MOSFET, threshold voltage,
two-dimensional modeling, short channel effects

1 INTRODUCTION

2 EFFECT OF STRAIN
Due to strain, the electron affinity of silicon increases,
while the bandgap and effective mass of carriers decreases
[9]. The effect of strain on Si band structure can be
modeled as [10]:
(∆EC ) s − Si = 0.57 x , ( ∆E g ) s − Si = 0.4 x ,
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NV , SiGe = ( 0.6 x + 1.04(1 − x) ) ×1019 cm−3

(1)

(2)

where, (∆EC)SiGe is the decrease in bandgap of Si1-xGex from
that of Si, NV,SiGe is the density of states in the valence band
in relaxed Si1-xGex, and εSiGe is the permittivity of Si1-xGex.

Flat Band Voltage

Accordingly, the flat-band voltage is modified as [9]:

(VFB, f ) s − Si = (VFB, f ) Si + ∆VFB, f

(3)

where,
∆VFB , f =
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is the change in flat band voltage due to strain, and
(VFB, f ) Si = φM − φSi

(5)

where, φM is the gate work function, and φSi is the
unstrained Si work function.

2.2

Built-in Voltage

The built-in voltages across the source-body and drainbody junctions in the strained-Si thin film is also affected
by strain as

Vbi , s − Si = Vbi , Si + (∆Vbi ) s − Si

3/ 2

≈ 0.075x

(∆Eg )SiGe = 0.467 x , ε SiGe = 11.8 + 4.2 x

2.1

The conventional method of producing strained Si is
pseudomorphic Si epitaxial growth on relaxed SiGe alloys.
By increasing the Ge content of the relaxed SiGe alloy, the
amount of biaxial strain and therefore the magnitude of the
mobility enhancement can be increased. Tremendous
improvement in static and dynamic CMOS circuit
performance has been demonstrated using strained-Si/SiGe
MOSFETs [2]. Developing compact models for the
nanoscale SOI MOSFETs will help in designing devices
with improved performance [3-7]. Our model provides an
efficient tool for design and characterization of high
performance strained-Si/SiGe nanoscale MOSFETs
including the short channel effects. The effect of varying
device parameters can easily be investigated using the
analytical model presented in this work. The model is
compared with 2-D simulation results using MEDICI [8].

*
h, Si

where x is the Ge mole fraction in Si1-xGex substrate,
(∆EC)s-Si is the decrease in electron affinity of silicon due to
strain, (∆Eg)s-Si is the decrease in bandgap of silicon due to
strain, VT is the thermal voltage, NV,Si and NV,s-Si are the
density of states in the valence band in normal and strained
silicon respectively, m*h,Si and m*h,s-Si are the hole density of
states (DOS) effective masses in normal and strained
silicon, respectively. The band structure parameters for
relaxed Si1-xGex substrate can also be estimated as [11][12]:

where,
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(6)

(∆Vbi ) s − Si =


 N
− (∆Eg ) s − Si
+ VT ln V , Si 
q
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(7)

is the change in built-in voltage due to strain, and

Vbi , Si =

Eg , Si
2q

+ φF , Si

(8)

where, Eg,Si is the bandgap in unstrained Si, q is the
electronic charge, and φF,Si is the Fermi potential in
unstrained Si.
The built-in voltage across the source-body and drainbody junctions in the relaxed Si1-xGex substrate can be
written as

Vbi , SiGe = Vbi , Si + (∆Vbi ) SiGe

(9)

where,
(∆Vbi ) SiGe =

3.1

Box Approximation

The gate-S/D charge sharing [13] and sourcebody/drain-body built-in potential barrier lowering [14] due
to overlap of the lateral source-body and drain-body
depletion regions become important as the channel length
reduces. To incorporate these short channel effects, the
effective doping NA,eff is defined taking into account only
the effective charge under the influence of the gate [13] as
 
N A , eff = N A 1 − 
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Figure 1 shows the cross-section of a short channel
strained-Si/SiGe n-MOSFET. The depletion region under
the gate for short channel MOSFETs is not uniform and is
affected by the lateral source-body and drain-body
depletion widths (xdl) and their respective charges. The
exact solution of the 2-D Poisson equation for such a case is
too complicated and would most probably require
numerical methods. To obtain a compact analytical
solution, a box type approximation of the depletion region
is computed with a uniform charge density NA,eff and a
uniform depth of depletion thickness xd.
G
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3 THRESHOLD VOLTAGE MODEL
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where xdv is the vertical depletion region depth due to gate
bias only, φth is the minimum surface potential required for
inversion [9], rj is the source/drain junction depth, L is the
channel or gate length, and Vsub is the substrate bias. φth is
that value of surface potential at which the inversion
electron charge density in the strained-Si device is the same
as that in unstrained-Si at threshold [9] (i.e. ∆φs-Si=0 for
unstrained-Si).
To complete the box approximation, an average vertical
depletion region depth (xd) is calculated as
xd ≅

2 xdl ( rj + π4 xdl ) + ( L − 2 xdl ) xdv
L

for

L ≥ 2 xdl

(13)

and,
xd ≅ rj + xdl2 −

L2 θ
+ xdl
4 2

for

L ≤ 2 x dl
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Figure 1: Cross-sectional view of the strained-Si/SiGe
MOSFET

2ε SiGeVbi , SiGe

(16)

qN A

is the lateral source-body and drain-body depletion region
width.
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Vbi1 = (Vbi,s−Si − u) (1− exp( −λL) ) +VDS , Vbi 2 = (Vbi,s −Si − u ) ( exp ( λ L ) −1) − VDS ,

Threshold Voltage Model

The 2-D Poisson equation in the strained silicon thin-film,
before the onset of strong inversion can be written as:
d 2φ1 ( x, y ) d 2φ1 ( x, y ) qN A,eff for 0 ≤ x ≤ L , 0 ≤ y ≤ t (17)
+
=
s − Si
dx 2
dy 2
ε Si

where εSi is the dielectric constant of silicon, and ts-Si is the
strained-Si thin film thickness. The potential profile in the
vertical direction in the strained-Si film and the depletion
region in the SiGe substrate below can be approximated by
a parabolic function as:

φ1 ( x, y) = φs ( x) + c11 ( x) y + c12 ( x) y for 0 ≤ x ≤ L , 0 ≤ y ≤ ts − Si (18)
2

φ2 ( x, y ') = Vsub + c21 ( x) y '+ c22 ( x) y '2 for 0 ≤ x ≤ L , 0 ≤ y ' ≤ tSiGe (19)

where tSiGe = xd - ts-Si, φS(x) is the surface potential.
The Poisson equation is solved using the appropriate
boundary conditions to obtain the surface potential as

φs ( x) = A exp(λx) + B exp(−λx) − σ

(21)

φs , min = 2 AB − σ

The threshold voltage is the gate voltage at which the
inversion charge becomes equal to the background doping
[2-6]. The inversion condition can be written as [9]:

φs , min = 2φF , Si + ∆φs − Si = φth

(22)

where
− ( ∆E g ) s − Si
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is the effect of strain. Solving the above equation (22), we
get the compact model for threshold voltage as:
 − V + V 2 − 4ξV
φ1
φ1
φ2
Vth = k 
2ξ








(24)

where
ξ = 2 cosh ( λ L ) − 2 − sinh 2 ( λ L ) , Vφ 2 = Vbi1Vbi 2 − (φth − u ) sinh 2 ( λ L ) ,
2

Vφ 1 = Vbi1 (1 − exp ( λ L ) ) + ( 2φth − 2u ) sinh 2 ( λ L ) − Vbi 2 (1 − exp ( −λ L ) ) ,
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4 RESULTS AND DISCUSSIONS
Figure 2 shows the variation of threshold voltage with
gate length for different values of effective Ge mole
fraction. It is observed that short channel effects become
prevalent below 70-80 nm gate length and is marked by the
sharp decrease in Vth value. Also, threshold voltage is lower
for higher strain for the same gate length.
0.7

(20)

where A, B, λ, σ are constants depending on device
parameters. The minimum surface potential is

∆φs − Si =

u=
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Figure 2: Variation of threshold voltage with Gate Length
(tsi=15nm)
This result can be confirmed from Figure 3, which
shows the variation of threshold voltage with change in
strain for a gate length of 50 nm. The fall in threshold
voltage is significant and is almost linear. The threshold
voltage decreases with increasing x because of decrease in
flat-band voltage and earlier onset of inversion. It can also
be concluded from Figure 3 that the threshold voltage can
be controlled by gate workfunction engineering. Choosing
an appropriate gate material can afford lower doping and
higher strain levels for the same Vth, resulting in enhanced
performance. Figure 4 shows that Vth also reduces slightly
with increase in source/drain junction depth. This may be
due to increased gate-S/D charge sharing and overlap of the
lateral source-body and drain-body depletion regions. Thus
lower junction depths are desirable for better performance.
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Figure 3: Variation of threshold voltage with strain
(L=50nm) for different dopings

Threshold Voltage (volts)

0.4

Model
Medici

0.3

0.2

0.1

S/D junction depth,
rj = 50 nm

S/D junction depth,
rj = 80 nm

0

-0.1

0

0.1

0.2

0.3

Equivalent Ge Content Strain , x

0.4

Figure 3: Variation of threshold voltage with strain
(L=50nm) for different junction depths

5 CONCLUSIONS
The increase in strain enhances the performance of
MOSFETs in terms of transconductance and speed because
of increase in carrier mobility [1]. However, as
demonstrated by our results, there are undesirable side
effects with increasing Ge content such as a roll-off in Vth.
Our compact model accurately predicts the threshold
voltage over a large range of device parameters and can be
effectively used to design strained Si/SiGe MOSFETs with
the desired performance.
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