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Abstract. Today submicron silicon-on-insulator (SOI) MOSFET structures are widely used in different elec-
tronic components and also can be used as sensing elements in some applications. The development of de-

electric properties. The latter is not a trivial task since many complicated physical processes and effects must 
be taken into account. In current study ensemble Monte Carlo simulation of electron and hole transport in 
deep submicron n-channel SOI MOSFET with 100 nm channel length is performed. The aim of the study 

-

modeling of different devices on the basis of SOI MOSFET structures. Main focus thereby is maid on the 

-

and provides earlier avalanche breakdown for the SOI MOSFET. It is concluded that the choice between the 

Keywords

DOI: 10.21122/2220-9506-2016-7-2-161-168

161



Numerical simulation of electric characteristics of deep submicron 
silicon-on-insulator MOS transistor.

DOI: 

Numerical simulation of electric characteristics of deep submicron 
silicon-on-insulator MOS transistor.

DOI: 

-

-
n -

-

-

-

DOI: 10.21122/2220-9506-2016-7-2-161-168

162



Devices and Methods of Measurements
2016, vol. 7, no. 2, pp. 161–168

Borzdov A.V. et al.

Introduction

Silicon-on-insulator (SOI) technology in mi-
cro- and nanoelectronics has gained a great interest 

are regarded as promising elements for modern in-
tegrated circuits in different electronic applications 

MOSFETs, in comparison with common «bulk» 
MOSFETs, are the lower power dissipation and 
increased operation speed, lower leakage currents, 

MOSFETs are less vulnerable to short-channel ef-

Results of recent investigations show that very 
promising is the use of submicron SOI MOSFETs 
as different sensors and detectors. For instance, the 

-
sibility to use deep submicron SOI MOSFETs as 

Today the development of modern devices of 
micro- and nanoelectronics, including various sen-
sor devices, can not be done without computer simu-
lation of their characteristics. Thereupon it must be 
noted that ensemble Monte Carlo method has been 
widely used as a powerful tool for simulation of car-
rier transport phenomena in different semiconductor 
devices. By means of Monte Carlo simulation static, 
dynamic and noise characteristics of submicron SOI 

advantages of the method is the possibility of incor-
poration of rather sophisticated models describing dif-
ferent physical processes into the simulation proce-
dure. Ensemble Monte Carlo simulation thus is one 
of the most promising methods for the simulation of 
deep submicron SOI MOSFETs, which allows ac-
count of all necessary mechanisms of carrier scattering. 
The simulation procedure also enables inclusion of 
semiconductor band structure calculations and ac-

It is known that inclusion of effects related to 
-

cal simulations of short-channel MOSFETs. This is 

rate be comparable or even higher than other domi-
nant scattering mechanisms. The latter may consi-

-
self as well as the sensor or detector on the basis of 
the transistor.

The main purpose of this study is to examine 

characteristics of a deep submicron n-channel SOI 
MOSFET with the channel length of 100 nm, com-
pare two different widely used in Monte Carlo simu-

in the transistor structure channel, and also to deter-
mine the transistor operation modes and conditions 

Outlines of ensemble Monte Carlo transport 
simulation

The cross-section of the SOI MOSFET struc-
ture under consideration is presented in Figure 1. 
The simulated structure is a fully depleted single gate 
SOI MOSFET with the conducting silicon channel 

The device dimensions denoted in the Figure 1 are 
as follows: the source, gate and drain lengths are 
LS = LG LD Wc
the thickness of buried oxide layer is Wb = 100 nm, 
and the thickness of the silicon substrate layer 
Wsub = 200 nm. The gate oxide is 5 nm thick. The 
doping levels of n+ regions and p-Si are 1025 m  and 
8 10  m , respectively. Simulation temperature is 

electrode biases (VS and Vsub
VG and VD, re-

spectively) are applied with respect to the source.

Figure 1 – Schematic cross-section of the simulated SOI 
MOSFET

To calculate electrostatic potential and electric 
-

cal parameters of interest our Monte Carlo simulation 
is coupled self-consistently with the numerical solu-

procedure can be described as follows. Electron and 
hole movement within the device is simulated dur-

t t the 
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-
tions is solved in order to update the electrostatic 
potential. The calculation of free carrier charge den-
sity within the simulation dimensions is performed 

Carlo procedure is two-dimensional in real space and 
three-dimensional in momentum space. The latter is 
caused by the fact that state-of-the-art planar tech-
nology implies that the device width in the dimen-

is much higher than its length L = LS +LG +LD  and 
depth W = Wc +Wb +Wsub t is chosen 

It is considered that the contacts of the drain, the 
source, and the substrate are ideal ohmic contacts. The 
metallic gate is assumed to be aluminum. Ideal ohmic 

-

latter means that the contact injects particles to pro-
vide charge neutrality in a small region of semicon-
ductor near the contact edge. We suppose that injected 
particles have Maxwellian distribution and also we 
use the injection model which takes into account that 

-
ticles reaching the contact from inside the simulation 
domain leave the device freely. 

It must be mentioned that in present work we 
-

tron and hole gases as purely three-dimensional. Such 
approximation must be reasonable for considered 

ses while simulating charge carrier transport in SOI 
MOSFETs, is the treatment of carrier scattering by 
Si-SiO2 interfaces. For three-dimensional electron 
and hole gases the scattering of charge carriers by the 
interfaces is usually regarded as the combination of 

the interface. The amount of diffusive scattering must 
a 

priory known. The variation of the amount of dif-

on drift velocity and particle distribution functions in 

-

in Monte Carlo simulations. Since it is not the aim 
of current work to examine the role of interface scat-
tering on the transport properties, electron and hole 
scattering by Si-SiO2 interfaces is regarded as purely 
specular. 

Electron transport in the conduction band of sili-
con is simulated in valleys X and L, with account of 
the nonparabolicity effect. The intravalley and inter-
valley electron scattering by phonons, scattering by 

-

It is known that the band structure of silicon in 
valley X -
lent valleys, the isoenergetic surfaces of which in k 
space are ellipsoids of a revolution with the axes of 
symmetry oriented along crystallographic directions of 
the type (100). In present simulation it is assumed that 
the axes of real space coordinates coincide with these 
directions. Then, taking into account nonparabolicity, 
the dispersion relation for electrons can be written as:

   (1)

E
–1; 

 is the reduced Planck constant, and ki and mi are 
the components of the wave vector and the tensor of 
the effective electron mass along the i-th direction. 
To simulate the electron transport in valley L, we use 

effective mass of conductivity is used when solving 

In this study, the hole transport is simulated similarly 
to the electron transport in the effective mass 
approximation allowing for the nonparabolicity and 
anisotropy of the dispersion relation in the valence 

in the band of heavy and light holes, and in the split-off 
band. The scattering of holes by acoustic and optical 

written in the form:

 (2)

  (4)

(5)

E E k
m
i

ii
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2 2
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H», «L», and «so» 
denote the band of heavy holes, the band of light 
holes, and the split-off band, respectively; k
wave vector of holes; constants A = – 4.22; 
C j are the angles in a spherical 
coordinate system in the space of wave vectors; m0 is 
the free electron mass; mso is the hole effective mass 

so 
functions that describe the nonparabolicity of the 
dispersion relation in the valence band, the form and 

Impact ionization process simulation

Eth can 
be determined using the energy and momentum 

simulation in bulk silicon or in silicon devices one 
must take into account the fact that silicon has a 
complex energy band structure. Subject to this it 
can be assumed that several values of threshold 
energies are possible and it may be concluded 
that the effective (or average) threshold energy of 

the energy corresponding to maximum value of 

the electric properties of bulk silicon and silicon 
MOSFETs by the Monte Carlo method, in order 

scattering rate WII(E
Eth on energy E

  
  (6)

where P is a parameter and Wph(Eth) is the total scat-

to Eth P and 
Eth. The most common values for these parameters 
for silicon are Eth P
«soft» threshold model and Eth P = 100 
for so called «hard» threshold model 

models can be described as follows. In the hard 
threshold model it is assumed that during the impact 

model participation of, particularly, phonons may be 

the momentum conservation may be neglected. Pre-
viously, the comparison of soft and hard threshold 
models was done while simulating electrical charac-
teristics and effective threshold energy in deep sub-

effective threshold energy in deep submicron sili-

study we will use the parameters of the soft threshold 
-

cess is more likely to occur within the soft threshold 
model and estimations based on full-band calcula-
tions indicate this. 

relative simplicity and easiness of inclusion into 

problem is that the model does not take into account 
the complexity of real semiconductor band structure 

threshold energy Eth and P. The values of these 
parameters are usuallyw obtained in order to match 
theoretical results with known experimental data.

-

-

By now more sophisticated models of impact 

implementation is restricted by the complexity of 
-
-

tational effort. Basing on the full-band approach in 

form:

   (7)

where electron energy E -
lation revealed that the average energy of secondary 
generated particles depends linearly on the primary 
electron energy after the scattering event. The latter 
provided an ability to develop a procedure based on 
normal distribution simulation which makes it pos-

W E PW E E E
EII ph th

th

th

( ) ( ) ,=
−⎛

⎝
⎜

⎞

⎠
⎟

2

W E EII ( ) . ,.= −( )10 1 111 4 6
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-
tion event. In our opinion the procedure is the most 
suitable for application in Monte Carlo simulations 
among other approaches based on full-band calcula-
tions. The aim of current study was to compare the 

-
-

tion models on the calculation of the SOI MOSFET 
characteristics and determine the device operation 

-

since they are the main charge carriers in the SOI 

Results and discussion

The current–voltage (I–V) characteristics of 
the simulated SOI MOSFET both with and without 

in Figure 2.

Figure 2 – Current-voltage characteristics of the SOI 

region of the I–V characteristics for the transistor 
VD

The saturation region occurs at voltages VD
I–V 

characteristics we restricted the drain bias by the 

by electrons on current-voltage characteristics. For 

a rapid rise of current density in the channel for 
VD
a rather moderate avalanche multiplication in the 
channel under considered simulation conditions. The 
latter proves that the use of more rigorous models 
based on the calculation of realistic silicon band 
structure may be crucial for calculation of submicron 
SOI MOSFET characteristics.

Figure 3 – Electron drift velocity (a) and average kinetic 
energy (b) along the transistor channel at VD
VG

electron drift velocities and average energy versus 
the distance along the transistor channel with the use 

VD
VD

-
gy is not pronounced at VD
the difference in current densities (see Figure 2) for 
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referred to much higher electron-hole pair generation 
VD

-

generation rate leads to much more intensive energy 
loss of electrons near the drain end of the channel then 

-

distribution in the channel. 

Figure 4 – Electron drift velocity (a) and average 
kinetic energy (b) along the transistor channel at VD
and VG

It should be mentioned here that according to our 
simulation the scattering rates calculated by all full-

values of the drain current. So the most convenient 

convenient from the computational point of view 
among others based on full-band approach.

Conclusion

In this study electric characteristics of a deep 
submicron SOI MOSFET with 100 nm channel 
length have been simulated by means of ensemble 
Monte Carlo method. Both electron and hole trans-
port was included into the simulation with account of 
all dominant scattering mechanisms for considered 

del with soft threshold and full-band model) on the 
transistor current-voltage characteristics has been as-
sertained. It is shown that the use of accurate model 
based on the full-band approach is crucial while si-
mulating electrical characteristics of deep submicron 

the transistor channel and earlier breakdown. Results 
of our calculations also indicate that at T
drain voltages VD

voltage characteristics for both models. Thus in these 
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