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 This paper studied and investigates the thermal effect on the 

electronics and transport properties of Silicon on Insulator Metal 

Oxide Semiconductor Field Effect Transistor (SOI MOSFET). 

Numerical simulations of the electronics characteristics (Average 

electron velocity, electron density, sub-band energy) are analyzed 

and presented. The simulation is to investigate the variation and 

effect of temperature covering a range of low, average and high 

temperatures (50K, 250K, 350K, 450K, 650K and 850K) on the 

electronics properties of SOI MOSFET using the quasi-ballistic 

electron transport model. The results obtained showed that the 

average electron velocity of the first valley electron is at the peak 

value of  8.20 × 105𝑚/𝑠 at 50K and the 2D electron density is 

6.04 × 1011𝐶𝑚−2 at 850K with sub-band energy of −1.86 ×
10−1𝑒𝑉 resulting in high on-state current (𝐼𝑜𝑛). The second valley 

electron exhibit the same behaviour as the first valley electron with 

a 2D electron density of 9.83 × 1011𝐶𝑚−2 at 850K. At average, low 

and high temperature the third valley electron from the source to the 

drain drift with an average electron velocity at the peak value of  

9.20 × 105𝑚/𝑠 at and the 2D electron density is 6.03 × 1011𝐶𝑚−2 

with sub-band energy of −1.21 × 10−1𝑒𝑉 resulting in high on-state 

current (𝐼𝑜𝑛). This shows at a lower temperature the electron density 

is very low and almost constant through the channel region because 

of the high electron velocity.  At an average temperature, the 

average electron velocity is relatively constant and the barrier 

potential is high as such the electron density is relatively constant 

with increase in the channel length which is more appropriate for 

designing other analogue or digital system using the SOI MOSFET. 

The average electron velocity at high is relatively constant as the 

channel length increases with increases in the gate voltage.  
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1. Introduction 

Silicon-on-insulator (SOI) technology has long been used in many special applications, and 

mainstream semiconductor products such as microprocessors, high performance integrated 

circuits, low-voltage, low power and high-speed digital systems [1]. The silicon-on-insulator (SOI) 

materials are now intensively studied because of their ability to overcome several inherent 

limitations of bulk silicon VLSI technology (lateral isolation, radiation tolerance, lower parasitic 
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capacitance and power, higher speed, reduced short-channel effects compared with the bulk 

device. Its architecture is more flexible as parameters such as thicknesses of film and buried oxide, 

substrate doping, and back gate bias can be used for optimization and scaling [1, 2]. The short 

channel effect (SCE) of SOI is minimized by burying oxide to reduce the electric field caused by 

Drain-Source ends such that the electric field line is not propagated through the channel but the 

oxide and hence have better control of the field over the channel [3].  

The effect of temperature on SOI has been discussed in various literature. The effect of high-

temperature and self-heating in fully depleted SOI MOSFET is studied by [4] and it was observed 

that decreasing the film thickness could reduce the threshold voltage sensitivity of the SOI 

MOSFET with temperature and that the drain current decreases with increasing temperature and 

self-heating effects reduced at a higher operating temperature. Temperature effects on Trigate SOI 

MOSFETs reported by [5] suggest that the mobility is limited for temperatures larger than 100 K, 

by surface roughness below that temperature and the device is fully depleted and does not suffer 

from premature corner inversion at temperatures above 150 K. Below 150 K the corners have a 

lower threshold voltage than the top and sidewall Si/SiO interfaces and the temperature at which 

the separation between corner and surface thresholds separate is a function of doping 

concentration.  A study by [2] on temperature effects on Threshold voltage and mobility for 

partially depleted SOI MOSFET and reported that at low temperature the threshold voltage and 

mobility Improve for a particular gate length and long channels reach into full depletion-mode at 

a higher temperature as compared to short channels.  In the previous researches conventional 

transport models (Drift-diffusion), can fail for ultra-short channel devices (Nano Devices) [6]. 

The objective of this research is to use the quasi-ballistic model to study the effect of temperature 

on silicon-on-insulator (SOI) MOSFET with physical gate length from 0nm to 50nm covering a 

temperature range of 50K, 250K, 350K, 450K, 650K and 850K. Study the electron behaviour 

within the temperature range to obtain the first, second and third valley average electron velocity, 

2D electron density along the channel and the sub-band Energy along the channel using silicon 

(Si) as channel material. 

2. Theoretical models 

The unidirectional thermal velocity plays an important role in transport. Under equilibrium, the 

thermal average velocity of electrons with positive velocities is zero [7, 8]. Below the threshold, 

the Maxwell Boltzmann statistics as assumed and the thermal velocity (𝜈𝑇 ) is given by; 

𝜈𝑇 = √2𝑘𝐵𝑇
𝜋𝑚∗⁄                                    (1) 

where the effective mass is 𝑚∗, the average carrier velocity at the beginning of the channel is the 

equilibrium, uni-directional thermal velocity [7, 9]. Assuming that only one sub-band is occupied 

the thermal injection velocity (𝑣�̃�) at the top of the barrier is given by;  

 𝜈�̃� = 𝜈𝑇 (
ℱ1

2⁄
(𝜂𝐹1)

ℱ0(𝜂𝐹1)
)                                              (2) 

The unidirectional thermal velocity in the non-degenerate limit is the same in 1D as in 2D and 3D 

and 𝜈�̃� ≅ 𝜈𝑇 and for degenerate conditions 𝜈�̃� > 𝜈𝑇 . Poisson’s equation describes the spatial 

relationship between a certain electron density distribution and the corresponding electric field 

[10, 11]. 
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∇2∅ =  −
1

∈
 (𝑝 − 𝑛 +  𝑁𝐷 

+ − 𝑁𝐴 
− )                                                 (3) 

where ∅ is the electric potential, 𝑝 is the hole density, 𝑛 is the electron density, 𝑁𝐷 
+ is donor density 

and   𝑁𝐴 
– is the acceptor density [12, 13]. When only the electrons are treated in the absence of 

holes Poisson’s Equation is given by; 

∇2∅ =  −
1

∈
 (−𝑛 +  𝑁𝐷 

+ − 𝑁𝐴 
− )                                                       (4) 

The electron density at a certain energy level is defined as the product of the Local Density of State 

(LDOS) and Fermi distribution at that energy [14, 12]. 

n (E) =  D (E)f (E)                                                                           (5) 

where 𝑛 (𝐸) is the electron density at energy 𝐸, 𝐷 (𝐸) is the local density of state at energy 𝐸 and 

𝑓 (𝐸) fermi distribution of the electron at energy 𝐸 [12]. 

3. Methodology 

In this paper, Nano-MOS a 2-D simulator for thin body devices is used. The channel material used 

is 𝑆𝑖. The temperature is varied from a range of low temperature of 50K, and within the range of 

room temperature of 250K, 350K and 450K, then at a higher temperature of 650K and very high 

temperature for MOSFETS device at 850K. The result is obtained for a different channel length of 

10nm, 20nm, 30nm, 40nm, and 50nm respectively. The source voltage is varied from 0.50V to 

1.50V with a step size of 0.10V and the top and bottom gate contact work function was fixed at 

4.188 𝑒𝑉 with aluminium gate material, the top and bottom dielectric materials are SiO2 [15]. The 

simulation for the variation in temperature is done using the following procedure; 

1. The device is modelled by selecting device type (Double gate MOSFET) 

2. Selecting transport model for the device geometry (ballistic transport using semiclassical 

Approach) and input bias parameters are inputted. 

3. Devices description parameters are selected. 

4. Simulation options are inputted (vertical and Horizontal Nodes spacing, convergence 

parameters, and Number of subbands). 

5. The program is run to obtain results. 

The transport model is solved self-consistently with Poisson's equation as described in Equation 

(3). The Poisson equation convergence parameter was 1.0𝐸 − 06 𝑒𝑉 and the self-consistency 

convergence parameter was set at 0.001 𝑒𝑉. The body doping is intrinsic and the source and drain 

terminals are heavily n+ doped with arsenic at 1.0𝐸12 𝑐𝑚−3 to obtain the 2D electron density 

along the channel as given in Equation (4).  

4. Results and Discussion 

4.1 First Valley Average Electron Velocity 

The average electron velocity along the channel for the first valley of electrons of 𝑆𝑖 channel 

material shows a rapid increase in the average electron velocity from 0.0𝑛𝑚 and reach a peak 

value of  8.30 × 105 𝑚/𝑠 at 51.0𝑛𝑚 for 50K of temperature in Figure 1. This is because at low 

temperature the barrier potential is very high through the channel region near the source terminal, 

thus the electrons need high potential energy to cross over to the source terminal resulting in high 

velocity of the electron, the velocity becomes relatively constant with the smallest decrement 

around 48.0 𝑡𝑜 51.0𝑛𝑚 and becomes constant above 51.5𝑛𝑚. At 250𝐾, 350𝐾 𝑎𝑛𝑑 450𝐾 the 



 

S.M.Gana et al. / NIPES Journal of Science and Technology Research 

3(4) 2021 pp.49-57 

52 

 

average electron velocity is relatively constant as the channel length increases because at 

temperature range close to or at room temperature the barrier potential is loose which result in an 

averagely high on-state current (𝐼𝑜𝑛) controlled by how rapidly the electrons are transported from 

the drain high electric field region to the source low electric field region.  

 
Figure 1: First Valley Average Electron Velocity 

At high temperature 650𝐾 𝑎𝑛𝑑 850𝐾 it is found out that the average electron velocity is at the 

lowest value and increases as the channel length increases before it becomes almost constant with 

the smallest decrement. This is because with the increase in channel length the barrier potential is 

low at high temperature it is easily suppressed for electrons to cross the channel region from the 

drain to the source. This is also reported by Ooi and King in 2013 that at low temperature the 

average velocity is at maximum peak value than at high temperature [16]. 

 

4.2 Second Valley Average Electron Velocity 

In the second valley of electrons plot as shown in Figure 2 the average electron velocities in the 

second valley exhibit the same characteristics as the first valley of the electron at a temperature of 

50K, 250K and 350K. Because in the second valley the electron is closer to the conduction band 

in the sub-band so are rapidly transported from the drain high electric field region to the source 

low electric field region. The average electron velocity at 450𝐾, 650𝐾 𝑎𝑛𝑑 850𝐾 exhibit the same 

behaviour as the first valley temperature of 650𝐾 𝑎𝑛𝑑 850𝐾 as the channel length increases. 

 
Figure 2: Second Valley Average Electron Velocity 

 

4.3 Third Valley Average Electron Velocity 
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The average electron velocity at 50K as shown in Figure 3 is relatively constant with an average 

velocity of 9.20 × 105 𝑚/𝑠  as the channel length increases for the third valley electron under 

high and low drain bias.   

 
Figure 3: Third Valley Average Electron Velocity 

 

At temperatures at 250K, 350K, 450K, 650K and 850K there are more free electrons at the third 

valley of electrons because, at the third valley of electrons, the electrons are much closer to the 

conduction band. As the gate voltage increases above 𝑉𝐺𝑆 = 0.5𝑉  the average electron velocity 

increases before it becomes relatively constant with the smallest decrement above 10.5 𝑛𝑚  
because the higher electron mobility at the channel region from the source high electric field region 

to the drain low electric field which result in an averagely high on-state current (𝐼𝑜𝑛). This is in 

agreement with research by Jean-Pierre et al. in that the mobility of electrons is limited for 

temperatures larger than 100 K, while it is limited by surface roughness below that temperature 

[5]. 

4.4 First Valley 2D Electron Densities along the Channel 

The electron density at high temperatures of 850K and 650K is at a peak value of 

6.04 × 1011𝐶𝑚−2 and 3.89 × 1011𝐶𝑚−2 respectively from 0.0nm and decrease rapidly with an 

increase in the channel length in the first valley of an electron as shown in Figure 4. This is because 

at the lowest length region at high temperature the electrons are concentrated to overcome the 

barrier potential resulting in high electron density drifting from the drain to the source through the 

channel region before it becomes relatively constant At high temperature, the density of electrons 

is very high as such the electrons are concentrated at the lowest channel region (0.0𝑛𝑚 ) with a 

peak value of 3.383 × 1012𝑐𝑚−2 to overcome the barrier potential, but the barrier potential is very 

low at high temperate so even with gate voltage 𝑉𝐺𝑆 = 0.5𝑣 large number of electrons easily 

overcome the barrier potential and drift from the drain to source through the channel region. At 

50K, 250K, 350K and 450K the barrier potential is high at low and average temperatures as such 

the electron density is relatively constant with an increase in the channel length. This is because 

the average electron velocity as shown in Figure 1 is relatively constant as the channel length 

increases with increases in the gate voltage resulting increase in the potential electron profile which 

limit the number of electrons entering the channel region. 
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Figure 4: First Valley 2D Electron Velocity 

4.5 Second Valley 2D Electron Densities along the Channel 

The 2D electron density at 850K and 650K in Figure 5 shows that the second valley of electron 

exhibit the same behaviour as the first valley of an electron in figure 4 except that electrons are 

more concentrated at 0.0nm in the second valley of an electron with peak values of 

9.83× 1011𝐶𝑚−2 and 6.59 × 1011𝐶𝑚−2 respectively and decrease as the channel length increase. 

This is because in the second valley more free electrons are closer to the conduction band in the 

sub-band than in the first valley at high temperature. At 450K the 2D electron density is at the peak 

value of 4.07× 1011𝐶𝑚−2 from 0.0nm to 3.5nm before it becomes almost constant above 14.5nm. 

At 50K, 250K and 350K the electron density is relatively constant with an increase in the channel 

length as can be seen from their average electron velocities in Figure 2 with average 2D electron 

densities of 3.89 × 1011𝐶𝑚−2, 2.84 × 1011𝐶𝑚−2 and 3.00 × 1011𝐶𝑚−2 respectively.  

 
Figure 5: Second Valley 2D Electron Velocity 

4.6 Third Valley 2D Electron Densities along the Channel 

In the third valley in Figure 6 the 2D electron density at 850K, 650K, 450K, 350K and 250K are 

more concentrated at 0.0nm with peak values of 1.56× 1012𝐶𝑚−2, 1.17 × 1012𝐶𝑚−2, 

8.32 × 1012𝐶𝑚−2 , 6.78 × 1011𝐶𝑚−2 and 6.03 × 1011𝐶𝑚−2respectively and decrease as the 

channel length increase. This is because at the third valley the electrons are much closer to the 
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conduction band as such more concentrated at the channel region with increases in temperature 

and the electron density is at peak at lowest resulting in a large number of electrons drifting from 

the drain to the source through the channel region by the suppression in the barrier potential.  

 
Figure 6: Third Valley 2D Electron Velocity 

This is also reported in a research that at high temperature, the density of electrons is very high as 

such the electrons are concentrated at the lowest channel region to overcome the barrier potential, 

but the barrier potential is very low at high temperate so a large number of electrons easily 

overcome the barrier potential and drift from the drain to source through the channel region [15]. 

At a lower temperature of 50K the electron density is very low and almost constant through the 

channel region because of the high electron velocity as shown in Figure 3. 

4.7 First Valley Sub-Band Energy along the Channel 

The sub-band energy at low temperature (50𝐾) in the first valley of an electron in Figure 7 is 

average −4.95 × 10−1𝑒𝑉 because the potential barrier is very high and the average electron 

velocity is low as seen in Figure 1.  

 
Figure 7: First Valley Sub-band Energy along the channel 
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10−1𝑒𝑉, −3.60 × 10−1𝑒𝑉, −2.76 × 10−1𝑒𝑉 and −1.86 × 10−1𝑒𝑉 respectively. This is because 

as the temperature increases the drain bias is high by a significant increase in the gate voltage from 

𝑉𝐺𝑆 = 0.5𝑣 thereby lowering the energy and the high gate voltage lowers the potential energy 

barrier which allows electrons to flow from the source to the drain. It is also reported by Rahman 

et al. that the device exhibit a strong drain electron injection and the MOSFET is under the on-

state condition because a high drain bias lowers the energy in the drain and a high gate voltage 

lower the potential energy barrier, which allowed electrons to flow from source to drain [17]. 

 

4.8 Second and Third Valley Sub-Band Energy along the Channel The behaviour of electrons 

in the second valley of an electron is similar to the first valley of electron and the sub-band energy 

exhibit the same characteristics as the sub-band energy in the second and third valley of electrons 

as can be seen in Figure 7 and Figure 8 respectively.  

 

 
Figure 7: Second Valley Sub-band Energy along the channel 

 

 
Figure 8: Third Valley Sub-band Energy along the channel 

The electrons in the second and third valley of the electron are much closer to the conduction band 
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−1.03 × 10−1𝑒𝑉 and −1.21 × 10−1𝑒𝑉 for 50K, 250K, 350K, 450K, 650K to 850K respectively. 

5. Conclusion 
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paper. Based on the quasi-ballistic transport electron model the results obtained showed that at low 

temperature (50K) the electron density is very low and almost constant through the channel region 

with an average electron at the peak value of  8.20 × 105𝑚/𝑠 in the first valley of the electron. At 

250K, 350K, 450K the average electron velocity is relatively constant as the channel length 

increases because at temperature range close to or at room temperature the barrier potential is loose 

which result in an averagely high on-state current (𝐼𝑜𝑛). At high temperatures, 650k and 850K the 

barrier potential is loose resulting in more free electrons at the third valley of electrons and the 

average electron velocity increases before it becomes relatively constant because of the higher 

electron mobility at the channel region from the source high electric field region to the drain low 

electric field which results in an averagely high on-state current (𝐼𝑜𝑛). 
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