
Physics-Based Scalable Threshold-Voltage Model for Strained-Silicon MOSFETs 

Karthik Chandrasekaran, Xing Zhou, and Siau Ben Chiah 

School of Electrical & Electronic Engineering, Nanyang Technological University 

Nanyang Avenue, Singapore 639798, exzhou@ntu.edu.sg 

ABSTRACT 

In this paper, an analytical threshold-voltage (Vt) model 

derived from Poisson equation for NMOS devices with a 

strained-silicon channel is described in terms of band, 

material, doping, and structure parameters and validated 

with Medici simulations.  The model equations are derived 

based on bulk reference to preserve the symmetry of the 

model, and extended to short-channel devices based on 

previously-developed bulk-Si Vt model. 

Keywords: Threshold voltage, strained silicon, MOSFET, 

Poisson equation, bulk reference. 

1 INTRODUCTION 

Silicon-based MOSFETs have reached remarkable 

levels of performance through device scaling.  However, 

with each technology generation, it is becoming 

increasingly harder to improve device performance through 

traditional scaling methods [1].  Consequently, innovative 

device structures and materials are actively being 

investigated to boost performance.  Strained-silicon devices 

have been receiving considerable attention owing to their 

potential for achieving higher performance and 

compatibility with conventional silicon processing [2]. 

This recent strong interest calls for the extension of 

conventional MOSFET modeling to this promising device.  

Fig. 1 shows the cross-section of a strained-silicon NMOS 

device under study.  A strained-silicon channel device has 

been simulated using TMA Medici.  TCAD simulations can 

be used to study the physical insight into novel strained-

silicon devices with sufficient tuning of material and 

mobility parameters.  With change in Ge mole fraction, 

different material parameters such as energy bandgap, 

conduction- and valence-band offsets, and intrinsic 

concentration change accordingly [3]. 

In this paper, a threshold-voltage model for strained-

silicon MOSFETs is developed and presented.  The 

strained-silicon MOSFET exhibits a shifted threshold 

voltage from conventional silicon devices due to the band 

offset at the heterojunction between the strained silicon and 

the SiGe layers. 

2 MODEL DERIVATION 

The cross-section of the strained-silicon MOSFET is 

shown in Fig. 1.  It consists of a strained-silicon channel on 

top of a relaxed silicon germanium (SiGe) substrate.  In 

strained-silicon MOSFETs, the silicon channel is very thin 

and usually small compared to the depletion width.  For 

very small drain voltages and long-channel MOSFETs, an 

analysis can be carried out in one dimension, perpendicular 

to the surface.  Poisson equation is solved for one-

dimensional case, which is described below [4] 

Depletion layer potential in the SiGe substrate can be 

written as 
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The potential across the strained-silicon layer can be 

written as 
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The potential across the oxide can be written as 
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Since heavy inversion occurs at the Si/SiO2 interface, the 

threshold potential can be solved from 

Sith t2  (4) 

where th is given by the expression 
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The intrinsic concentration changes with the effective 

density of states and the energy bandgap.  It is given by the 

expression 

kTENNn gVCi 2exp . (6) 

Figure 1: Surface-channel strained-silicon MOSFET. 

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-8-4     Vol. 2, 2004 179



Ge Mole Fraction, x

0.0 0.1 0.2 0.3

T
h
re

sh
o
ld

 V
o

lta
g
e
, 

V
t (

V
)

0.3

0.4

0.5

0.6

0.7
Symbols: Medici
Lines: Model (Xsim)
(Lg = 10 m)

(Vds = 0.05 V, Vbs = 0)

Figure 2: Prediction of the linear threshold voltage for 

different Ge mole fractions. 
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Figure 3: Prediction of the linear threshold voltage vs. 

substrate bias for different Ge mole fractions. 

The width of the depletion region in the SiGe substrate can 

be obtained as 
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where s0 = 2 F is the surface potential at strong inversion.  

In the above equations, Na is the uniform substrate doping 

concentration, tsi is the thickness of the strained-silicon 

layer, xd is the depth of the depletion layer from the strained 

Si/SiGe interface, Ec is the conduction band offset, NC and 

NV are the effective density of states in the conduction and 

valence bands, respectively, ni is the intrinsic concentration, 

Eg is the energy bandgap, SiGe and Si are the permittivities 

of strained silicon and relaxed SiGe, respectively. 

The threshold voltage is obtained by substituting the 

boundary condition 

oxFBt tVV 3 . (8) 

Since the strained-silicon device is a heterostructure 

layer, there does not exist a flat-band voltage (VFB).  A 

reference voltage is defined such that no band bending 

occurs in the SiGe layer.  The flat-band voltage in strained 

silicon is dependent on the Ge mole fraction of the SiGe 

substrate and the thickness of the strained-silicon layer [5].  

The energy bandgap, electron affinity, and effective density 

of states in the material change with the strain.  When the 

SiGe layer has zero charge or no band bending, a charge 

density equivalent to qNa exists in the strained-silicon layer.  

The charge causes a voltage drop across the strained-silicon 

layer; the charge in the strained-silicon layer is imaged at 

the gate and is negative.  These charges also affect the flat 

band in the strained silicon.  The flat-band voltage in 

strained-silicon MOSFETs is given by the expression 
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The long-channel linear threshold voltage (zero body bias) 

is given by 
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As bulk-referenced models are symmetric, continuous, 

and easy to handle in weak inversion and current saturation 

regions [6], the derivation is done based on bulk reference 

for the drain current.  The model equation is given by 

bsbtt VAVV 10  (11) 

where Vt0 is given by (10) and Ab is derived to be 
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where  is a fitting parameter introduced due to the Taylor 

series approximation.  It is extracted from one set of Vt vs. 

Vbs data and can be used to predict strained-silicon devices 

with different Ge mole fractions. 

A strained-silicon channel device has been simulated 

using Medici [7].  Linear threshold voltage has been 

extracted at different gate lengths using the maximum-gm

method and the threshold voltages for different substrate 

and drain biases have been extracted based on the constant-

current definition [8]. 

The material and transport properties of different layers 

have to be specified in the Medici structure.  The different 

properties are calculated as a function of Ge mole fraction 

and are fed in the materials statement.  The energy bandgap 

of a Si1 xGex alloy varies as a nonlinear function of Ge 

content [9], dropping off rapidly at Ge content above 85%. 

185.027.101.2

85.000206.043.055.1 2

xeVx

xxx
xEg  (13) 

In the strained-silicon layer, there is a band offset in both 

the conduction band and the valence band.  The bandgap in 

strained channel is calculated from the bandgap of relaxed 

SiGe and the band offsets.  Comparing the results of 

various studies, the band offsets are given by [10], [11] 
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Figure 4: Prediction of the linear threshold voltage vs. gate 

length for different Ge mole fractions. 

eVxxxEC 4.0063.0  (14a) 

eVxxxxEV 4.0053.074.0 2  (14b) 

The intrinsic concentrations for the different layers also 

vary and should be modeled properly.  The intrinsic 

concentration is calculated from [12] based on the effective 

density of states and the energy bandgap.  The density of 

states for Si1 xGex can be expressed as 
319108.204.18.2 cmxxNC  (15a) 

3191004.16.004.1 cmxxNV  (15b) 

Further, the solution is extended to the two-dimensional 

case to account for the short-channel effects (SCEs).  The 

SCEs on the threshold voltage of strained silicon are 

modeled by porting the above strained-silicon long-channel 

Vt model to our previously-developed short-channel Vt

model for bulk silicon [13].  The general idea is to retain 

the simple one-dimensional form of the long-channel Vt

equations (10) and (11) while building the 2-D short-

channel effects in the effective channel doping and surface 

potential.  This is done by changing Na to Neff and changing 

s0 to s = s0 s in all of the above equations, where Neff

and s include charge sharing, barrier lowering, and boron 

pile-up effects.  Process-dependent fitting parameters ( , ,

, ) are used to account for the different SCEs [13]. 

To extract the fitting parameters, our compact model 

uses a very simple, four-step, one-iteration extraction 

procedure, which requires the measured or simulated Vt vs. 

Lg data from the same process with only four sets of 

measurements: Vt (long Lg) for all Vbs, Vt (low Vds, low Vbs), 

Vt (low Vds, high Vbs), and Vt (high Vds, low Vbs).  The 

Vt Lg data from bulk (“control”) silicon was used to 

calibrate the model and the calibrated model was used to 

predict the strained-silicon short-channel threshold voltages 

[13] for different Ge mole fractions using the same physical 

parameters for Medici devices. 
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Figure 5: Prediction of the Vt vs. Lg curve for a Ge mole 

fraction of 20% for different substrate biases at (a) Vds = 

0.05 V and (b) Vds = 1.2 V. 

3 RESULTS AND DISCUSSION 

Figure 2 shows the long-channel Vt model prediction for 

different Ge mole fractions.  With change in mole fraction, 

the different material parameters such as bandgap, 

conduction band offset, intrinsic concentration, and 

permittivity changes, the model is able to predict the 

behavior quite well. 

Figure 3 shows the threshold voltage model behavior for 

different substrate biases.  The Vt vs. Vbs curve of bulk 

silicon was used to calibrate the model and the model was 

used to predict the Vt vs. Vbs behavior for different Ge mole 

fractions. 

Figure 4 shows the predicted linear threshold-voltage 

model for different Ge mole fractions at different gate 

lengths.  The strained-silicon behavior is predicted with just 

the control silicon data.  The calibrated model can also be 

used to predict the Vt vs. Lg curve at different substrate and 

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-8-4     Vol. 2, 2004 181



drain biases for different mole fractions.  Figures 5(a) and 

5(b) show the model prediction of the Vt vs. log(Lg) curve at 

different drain and substrate biases for a Ge mole fraction 

of 20%. 

4 CONCLUSION 

In conclusion, strained-silicon technology is a fast 

emerging technology that offers significant performance 

enhancement over bulk silicon as well as enjoys 

compatibility with robust and mature silicon technology.  A 

threshold-voltage model has been developed for surface-

channel strained-silicon MOSFETs.  The model predicts the 

threshold-voltage shift with different Ge mole fractions.  

The model equations have been derived based on bulk 

reference to preserve the symmetry of the model.  A set of 

threshold voltages for different gate lengths and bias 

conditions are needed to calibrate the short-channel model.  

The calibrated model can be used to predict the threshold 

voltages at different gate lengths and terminal bias 

conditions for all Ge mole fractions.  The threshold-voltage 

shift is one of the most important changes in strained 

silicon from bulk silicon.  This model will be a starting 

point in modeling other prominent parameters in strained-

silicon MOSFETs, such as intrinsic charge/capacitance, 

inversion-layer mobility, and off-state leakage current. 
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