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Abstract - An analytical model for the nano-MOSFET based 
on the determination of ballistic and backscattering 
probabilities along the channel is developed. This model, 
validated by analysis of transport in device using scattering 
spectroscopy, has been used to model the strained MOSFET 
by evaluating the appropriate scattering relaxation times 
and the carrier distribution. Finally, it has been used to 
determine the impact of CESL on the ION enhancement. 

 
 

I-INTRODUCTION 
 

Recent works showed that the local strain generated in Si using 
technology process steps is a promising way to improve the ION 
/IOFF trade-off [1]. The strain distribution can be computed using 
finite elements simulation [2].We propose here a general 
compact model to study the stress impact on I(V) 
characteristics. The Bir-Pikus theory is used to calculate the 
valley splitting in Si as a function of local strain [3]. The 
scattering relaxation times and the carrier distribution are 
deduced. From these new inputs, an accurate determination of 
ballistic and backscattering probabilities along the channel is 
used to compute the backscattering coefficient and the I(V) 
characteristic as explained in [4]. This model is validated by 
scattering spectroscopy resulting from Monte Carlo (MC) 
simulation for a Si/Si0.7Ge0.3 MOSFET and it is used to study 
the effects of Strained Contact Etch Stop Layer (CESL) on 
65 nm MOS transistor performance. 
 
 

II-ANALYTICAL QUASI BALLISTIC MODEL 
 
The model developed in [5] allows determining the 
backscattering coefficient RC and the injection velocity to 
calculate the current IDS: 
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To determine RC, the first step consists in determining the 
potential profile at VDS and VGS, which is done from evaluation 
of the saturation drain voltage and the length of the pinch off 
zone by taking into account the access resistance as illustrated 
in Figure 1. The expression used for the potential was validated 
in [4]. 

 

Figure 1: Illustration of the potential profile  

Secondly, we compute the average thermal velocity from the 
conduction effective mass taking into account the carrier 
distribution PX,PY,PZ in the different types of ∆ valleys:  
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Then, from the scattering relaxation times and the velocity of 
ballistic carriers we obtain the ballistic probabilities Nbal-i(x) 
(Fig. 2) along the channel as: 
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For different drain and gate voltages, the model is validated 
for the MOSFET described in [6] (Figure 2). 
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Figure 2: Ballistic probabilities Nbal-i (x) at VGS=0.8V (right) and 
at VDS=0.8V(left) MOSFET Lch=25nm Nch=5.71018cm-3 

tox=1.2nm 
 
From the probability Nbal-i(x) we can deduce the probability 
Nsca-it(x) for an electron to have its first scattering event at 
position x: 
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Then, we determine the backscattering probabilities PRC(x) 
for a ballistic carrier of the valley i having a scattering event 
at x to be sent back to the source with (5) as explained in [4]. 
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This probability of backscattering is illustrated in Figure 3: 
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Figure 3: Backscattering probabilities PRc (x)  at VGS=0.8V  
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These probabilities are integrated over the entire channel to 
obtain the fraction of backscattering FRC-i(x): 
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and the coefficient RC is deduced by taking into account the 
carrier distribution as illustrated in Figure 4: 

( ) ( ) ( ) ( )xFPxFPxFPxF Z
RZ

Y
RY

X
RXR CCCC

++=  (7) 

And  

( )chRc LFR
C

=  (8) 

 

0%

10%

20%

30%

40%

50%

60%

0 5 10 15 20 25
X (nm)

Fr
ac

tio
n 

of
 B

ac
kS

ca
tt

er
in

g 
 (%

)

model Average
model Transverse
model Longitudinal
Spectroscopy Monte Carlo 

 
Figure 4: Fraction of backscattering  probabilities FRc-i(x)  at 
VGS=0.8V and VDS=0.8V for the MOSFET Lch=25nm 

 
This backscattering model can correctly reproduce the universal 
mobility based on the Takagi data [6]. Finally, thanks to 2 
fitting parameters for the description of short channel effects, 
the charge at the top of the barrier is computed and the I(V) 
characteristics are modelled and validated by Monte Carlo 
simulation as illustrated in Figure 5. This result shows that the 
model is able to describe continuously the different regimes of 
transport, from purely stationary to purely ballistic. 
 

0

200

400

600

800

1000

1200

1400

0 0.2 0.4 0.6 0.8VDS (V)

I D
S 

(A
/m

)

VGS=0.4V
VGS=0.6V
VGS=0.8V
VGS=1V

 

Figure 5: I(V) characteristic for the MOSFET Lch=25nm  

 
 

III-VALIDATION ON Si0.7Ge0.3 MOSFET 
 

Considering an arbitrary stress (SXX, SYY, SZZ), the crystal 
deformations are obtained with the Young modulus E and 
Poisson’s ratio ν and the deformation potentials (Ξd, Ξu). These 
deformations are introduced in the Bir-Pikus equations [4]: 
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which allows computing the shifts of energy in the 
conduction band ∆EC-X , ∆EC-Y , ∆EC-Z and in the valence 
band ∆EV-hh , ∆EV-lh as illustrated in Figure 6.  
 

 
Figure 6: New band structure under an unspecified stress 

 
With this new band structure, the intrinsic carrier 
concentration is calculated by averaging the contributions of 
the different bands using (10) to determine the new 
threshold voltage.  
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Then, the new carrier distribution is calculated using the 
probabilities to have an electron in the valley i given by:  
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From these probabilities we determine the conduction 
effective mass mC

* and the thermal velocity is calculated 
using (2). Then, for each valley i, the ballistic velocity and 
the scattering relaxation times are determined to compute 
the ballistic probabilities with (4). In this paper, the 
previous MOSFET is studied and compared with similar 
biaxial tensile Si/Si0.7Ge0.3 MOSFETs. Most carriers are in 
the lowest transverse valley Z and their probabilities to have 
an intervalley scattering towards the other valleys are weak. 
Consequently, there are more ballistic carriers than in 
unstrained MOSFET as illustrated in Figure 7 and Figure 8. 

Figure 7: Ballistic probabilities for a Si-MOSFET and a biaxial 
tensile Si0.7Ge0.3 MOSFET at VDS=VGS= 0.8V. (model curves) 
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Figure 8: Distribution function for a Si-MOSFET and a biaxial 
tensile Si0.7Ge0.3 MOSFET at VDS=VGS= 0.8V Lch=25nm 

 
The next step consists in computing the backscattering 
probabilities along the channel for each type of valley with the 
mean free path mfp = vth x<τ> and the repulsive source field 
and attractive drain field [3]. The global backscattering 
probabilities (Fig. 8) and the backscattering coefficient RC are 
then computed. Finally, taking into account the carrier 
distribution at the top of the barrier, we obtain the fraction of 
backscattering plotted on Figure 9. 
 

 
Figure 9: Fraction of backscattering for  a Si-MOSFET and a 
biaxial tensile Si0.7Ge0.3 MOSFET at VDS=VGS= 0.8V 

 
The I(V) characteristics are in good agreement with Monte 
Carlo simulation as illustrated in Figure 10. 
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Figure 10: I(V) characteristic for a Si-MOSFET and a biaxial 
tensile Si0.7Ge0.3 MOSFET Lch=25nm 

 
We define the current gain in strained device as the ratio of Ion 
to the value of Ion obtained in unstrained MOSFET. To verify 
the field dependence on the gain enhancement, the gain versus 

LG on different MOSFETs plotted and validated on Figure 
11 called the “S curve” 
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Figure 11: Comparisons of the current gain between our model 
and Monte Carlo simulation at VDS=VGS= 0.8V. 

 
When LG decreases, the field increases and the carrier gas 
energy is larger than the maximum shift ∆EC-i. So, the 
distribution in the valleys at high field is close to the 
equilibrium distribution: PX=PY=PZ=1/3 and the current 
gain decreases. The limit cases are the following. In the 
diffusion case the gain is due too the scattering relaxation 
time and the effective conductive mass (Figure 12). 
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And in the ballistic case, the gain is due too the thermal 
velocity. It explains the saturation at small channel length 
(Figure 12): 
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Figure 12: “S curve” illustration with the limit cases.  
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IV-APPLICATION on CESL C65 MOSFET 
 
 
The CESL is the first layer above the transistor, so it can easily 
transmit its intrinsic strain on the channel. To further understand 
the electrical phenomena, ANSYS 3D elastic simulations have 
been performed to determine the relative contribution of the 
CESL to the stress in the channel [2] as describes in Figure 13. 
 

 
Figure 13: 3D schematic view of the stress due to the tensile 
CESL (1GPa) in a ¼ MOS. Materials are stress free except CESL. 

 
For C65 MOS transistors technology with a tensile CESL of 
50nm as described in [2], stress components (SXX, SYY, SZZ) 
versus LG are plotted on Figure 14 
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Figure 14: Mechanical simulation data for a CESL tensile 50nm. 
X: transport direction, Z: Gate Stack direction. 

 
With these inputs the new Vth and currents are computed using 
our model. For tensile stresses resulting from 50nm and 30nm 
CESL, a correct agreement between experimental and modeling 
data is found for the threshold voltage variation as illustrated on 
Figure 15.  
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Figure 15: Threshold voltage variation versus LG. Comparisons 
between experimental data and the new model. 

 
and for the current enhancement on the Figure 16. 
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Figure 16: ION enhancement versus LG. Comparisons between 
experimental data and our new model. 

 
This agreement is obtained despite the numerous 
approximations made in the model used for mechanical 
process and device simulations. Additionally, it should be 
mentioned that the possible initial stress existing in the real 
devices is not included in the simulation, which may explain 
the slight discrepancy between experimental and simulation 
results. 

 
V- CONCLUSION 

 
Based on carrier spectroscopy from Monte Carlo 
simulations, we have developed a new efficient and rigorous 
backscattering model including an arbitrary strain. Validated 
for different Si0.7Ge0.3 MOSFET this model allows 
visualizing the main effects of the stress on carrier transport  
along the channel. Finally, this model can be used to predict 
ION /IOFF trade-off improvement by using the results of 
relevant process mechanical simulations.  
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