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Abstract 
The use of graphene, which has high mobility of charge carriers, high thermal conductivity and a 

number of other positive properties, is promising for the creation of new semiconductor devices with good 
output characteristics. The aim was to simulate the output characteristics of field effect transistors containing 
graphene using the Monte-Carlo method and the Poisson equation.

Two semiconductor structures in which a single layer (or monolayer) of graphene is placed on a substrate 
formed from 6H-SiC silicon carbide material are considered. The peculiarity of the first of them is that the 
contact areas of drain and source were completely located on the graphene layer, the length of which along 
the longitudinal coordinate was equal to the length of the substrate. The second structure differed in that the 
length of the graphene layer was shortened and the drain and source areas were partly located on the graphene 
layer and partly on the substrate.

The main output characteristics of field-effect transistors based on the two semiconductor structures 
considered were obtained by modeling. The modeling was performed using the statistical Monte Carlo method. 
To perform the simulation, a computational algorithm was developed and a program of numerical simulation 
using the Monte-Carlo method in three-dimensional space using the Poisson equation was compiled and 
debugged. 

The results of the studies show that the development of field-effect transistors using graphene layers can 
improve the output characteristics – to increase the output current and transconductance, as well as the limit 
frequency of semiconductor structures in high frequency ranges.
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Использование графена, который обладает высокой подвижностью носителей заряда, высокой 
теплопроводностью и рядом других положительных свойств, является перспективным для создания 
новых полупроводниковых приборов с хорошими выходными характеристиками. Целью работы яв-
лялось моделирование выходных характеристик полевых транзисторов, содержащих графен, с ис-
пользованием метода Монте-Карло и решения уравнения Пуассона.

Рассмотрены две конструкции полупроводниковых структур, в которых одиночный слой (или 
монослой) графена располагается на подложке, сформированной из материала карбид кремния типа 
6Н-SiC. Особенностью первой из них является то, что контактные области стока и истока полностью 
располагались на слое графена, длина которого вдоль продольной координаты равнялась длине под-
ложки. Конструкция второй структуры отличалась от первой конструкции тем, что длина слоя гра-
фена была укорочена и области стока и истока частично располагались на слое графена, а частично 
на подложке.

Путём моделирования получены основные выходные характеристики полевых транзисторов, по-
строенных на основе двух рассмотренных полупроводниковых структур. Моделирование выполня-
лось с использованием метода статистического моделирования – метода Монте-Карло. Для выпол-
нения моделирования был разработан вычислительный алгоритм, составлена и отлажена програм-
ма численного моделирования методом Монте-Карло в трёхмерном пространстве с использованием 
уравнения Пуассона. 

Результаты выполненных исследований показывают, что разработка полевых транзисторов с ис-
пользованием слоёв графена может улучшить выходные характеристики – увеличить выходной ток 
и крутизну, а также повысить предельную частоту работы полупроводниковых структур в высоко-
частотных диапазонах.

Ключевые слова: полевые транзисторы, графен, метод Монте-Карло, выходные характеристики.
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Introduction

The study of output characteristics for 
semiconductor compounds containing graphene 
is an urgent task related to the development of fast 
and powerful devices of microwave and microwave 
ranges. Great prospects are connected with the use of 
graphene in compounds with silicon carbide, boron 
nitride and other materials in the composition of 
developed new semiconductor devices [1–3]. Studies 
have shown that the material of silicon carbide SiC 
can be used to form a layer of graphene on its surface 
and the implementation of new structures of field-
effect transistors. Detailed analysis of the output 
characteristics in the SiC-based devices obtained 
in such a way is either absent or performed using 
a simplified hydrodynamic model [3]. The most 
correct method for the analysis of physical processes 
in semiconductor structures is considered to be 
the Monte-Carlo statistical method, which allows 
to take into account the scattering dynamics of 
charge carriers in a semiconductor, to obtain their 
distribution dependencies for stationary and non-
stationary processes and, finally, to determine the 
output characteristics of devices. 

Based on the Monte-Carlo method of statistical 
modeling, the studies of output characteristics of 
semiconductor structures containing a single layer of 
graphene placed on a silicon carbide substrate were 
carried out. For these purposes, a computational 
algorithm was developed, a program of numerical 
simulation by the Monte-Carlo method in three-
dimensional space using the Poisson equation was 
compiled and debugged.

Constructions of semiconductor structures 
using graphene and features of modeling 
their output characteristics

Let us consider the use of a single layer (or 
monolayer) of graphene in a semiconductor structure 
that uses silicon carbide material type 6H-SiC as a 
substrate. Figure 1 shows one of the possible designs 
for a semiconductor structure using a single layer 
of graphene. For all the dependencies obtained as a 
result of modeling, except those specified separately, 
the following dimensions of the structure were taken: 
length along the x coordinate (DX parameter) – 
1.0∙10–6 m, height – 0.34∙10–8 m (DS parameter, 
y coordinate), width (z coordinate) – 8∙10–6 m 
(Figure 1). The values of the DA (drain length) 
and DB (source length) parameters were taken as 

the same and equal to 0.2∙10–6 m. The gate length 
(DZ parameter) was also assumed to be 0.2∙10–6 m. 
The thickness of the graphene layer was assumed 
to be 0.34∙10–9 m. Calculations were made for the 
temperature value T = 300 K. 

Figure 1 – Structure of a semiconductor device containing 
grapheme: 1 – layer of graphene; 2 – substrate made 
of silicon carbide material of 6H-SiC type; 3 – source; 
4 – layer of dielectric insulation material made of silicon 
dioxide; 5 – gate; 6 – drain

The electron drift channel was formed along 
the x coordinate by applying constant bias voltages, 
which were applied to the two contact areas – the 
drain and the gate. For 6H-SiC material, the values 
of its electrophysical parameters were selected 
from the data presented in [4, 5] at a concentration 
of electrons equal to 1∙1017 cm–3. The number of 
simulated particles for the entire structure with a 
layer of graphene and a SiC substrate was assumed 
to be 10000. Input and output of electrons from the 
structure according to the Monte Carlo procedure [6, 
7] was carried out from the contact regions 3 of the 
source and 6 of the drain (Figure 1), but the regions 
3 and 6, as well as region 5, were not considered in 
the modeling procedures.

The design of the transistor presented in Figure 2 
is generally similar to that presented in Figure 1, but 
the length of the graphene layer is shortened, and 
the value of parameters DK and DM (Figure 2) is  
2∙10–8 m.

Thus the layer of graphene is located between 
contact areas of a source and a drain (elements 3 and 
6, accordingly, in Figure 1) so that these areas are 
partially placed on a semiconductor substrate from 
silicon carbide (element 2 in Figure 2), and partially 
on a layer of graphene (element 1 in Figure 2). 

At modeling of electron transfer processes in 
silicon carbide material of 6H-SiC type, the model 
consisting of M1-L-M2 valleys of conductivity zone 
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having the lowest energy was used. The value of the 
gap between the M1 and M2 valleys was assumed 
to be 0.18 eV [5, 6]. For the region of the structure 
containing graphene, the mechanisms of scattering 
of electrons on optical phonons, on impurities, on 
acoustic phonons were taken into account [8, 9]; 
electron-electronic scattering was also additionally 
considered and its analysis is presented in [11]. In the 
developed program using the Monte-Carlo method for 
the analysis of electron drift in the region consisting 
of 6H-SiC material, the scattering mechanisms on 
optical phonons, on impurities, on acoustic phonons, 
as well as the inter-valley scattering between non-
equivalent valleys [10].

Figure 2 – Structure of a semiconductor device containing 
graphene: 1 – layer of graphene; 2 – substrate made 
of silicon carbide material of 6H-SiC type; 3 – source; 
4 – layer of dielectric insulation material made of silicon 
dioxide; 5 – gate; 6 – drain

To investigate the electron transfer process in 
graphene, the linear dependence of the energy E 
of electrons on the wave vector k was used, which 
is true in the region of usually considered energy 
values [8, 9]:

where kx , ky , kz – the components of the wave 
vector (wave numbers) along the coordinates x, y, z, 
respectively; υF – the Fermi speed in graphene, the 
value of which is usually taken as 1.0∙108 cm/s; ħ –  
reduced Planck's constant.

Simulation results

Figure 3 shows the obtained by simulation using the 
Monte-Carlo method and the solution of the Poisson's 
equation of dependence of the output current of the I 
drain on the value of direct voltage at the gate Ug .

Figure 3 – Dependencies of the output drain current on 
the value of the constant gate voltage: 1 – obtained for the 
structure shown in Figure 1; 2 – obtained for the structure 
shown in Figure 2

In this case, the value of DC voltage at the drain 
of Uo , for all curves presented in this figure, was 
equal to 1.5 V. Curve 1 was obtained for the structure 
shown in Figure 1, using a single layer of graphene. 
Curve 2 is obtained for the structure shown in Figure 
2, using a single graphene layer of the same thickness 
as curve 1 in this Figure. 

Figure 4 shows the dependencies of drain 
output current I and the transconductance of output 
characteristic gm on the value of constant voltage 
at the gate Ug for a structure without using a 
single layer of graphene, while observing all other 
parameters, as in the structure shown in Figure 1. 
In doing so, the graphene layer shown in Figure 1 
was replaced by a layer of silicon carbide of similar 
size, so that a homogeneous layer of this material 
is formed.

The analysis of curves 1 и 2 in Figure 3 and curve 
1 in Figure 4 shows that using a layer of graphene 
placed between the drain and the source allows to 
increase the output current several times at the same 
size of semiconductor structures and the same values 
of direct voltages at the drain and the gate.

Figure 5 shows the dependencies (curves 1 and 
2) of the transconductance of the output characteristic 
gm on the value of direct voltage at the gate Ug , 
obtained from the characteristics of the output current, 
presented in Figure 3 by curves 1 and 2, respectively. 
The analysis of these dependencies shows that 
the maximum transconductance of the output 
characteristic gm reaches a value of approximately 
0.075 mS at a gate voltage of approximately 0 V for 
structure 1 shown in Figure 1.

E k k kF x y z= ⋅ ⋅ + + υ 2 2 2 ,
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Figure 4 – Dependences of output drain current and 
transconductance of output characteristic of the design 
without graphene layer on the value of constant voltage 
at the gate: 1 – dependence of output drain current; 
2 – transconductance of output characteristic

For structure 2, shown in Figure 2, the 
transconductance of the output characteristic gm 
has lower values compared to structure 1, shown in 
Figure 1, reaching a maximum value of approximately 
0.031 mS at a gate voltage of approximately 0 V. 

The analysis of dependencies 1 and 2 presented 
in Figure 5 and curve 2 in Figure 4 shows that the 
use of a graphene layer allows to significantly, 
several times increase the transconductance of the 
output characteristic, and thus increase the gain of 
the structure.

Figure 5 – Dependencies of the transconductance of the 
output characteristic on the value of the constant gate 
voltage: 1 – obtained for the structure shown in Figure 1; 
2 – obtained for the structure shown in Figure 2

Figure 6 shows the dependencies of the output 
current I on the value of DC voltage Uo . The curves 
1–3 in Figure 6 are obtained at the gate voltage 
Ug equal to minus 0.15 V. Curve 1 is obtained for 
the design shown in Figure 1, using a single layer 

of graphene. Curve 2 is obtained for the structure 
shown in Figure 2, which is characterized by a 
shorter length of a layer of graphene compared with 
the structure shown in Figure 1. Curve 3 is obtained 
for the transistor structure described above, which 
does not contain a layer of graphene.

Figure 6 – Dependencies of the output drain current on 
the DC value of the drain voltage: 1 – obtained for the 
structure shown in Figure 1; 2 – obtained for the structure 
shown in Figure 2; 3 – obtained for the structure that does 
not contain a layer of grapheme

The analysis of curves 1, 2 shows that the output 
drain current has a feature that is not observed in 
conventional transistor designs without using a layer 
of graphene, and this feature is associated with the 
presence of flow current, which is not equal to zero, at 
a voltage on the drain equal to zero. The closed state 
of the transistor, whose design is shown in Figure 1, 
is observed at a voltage on the drain, approximately 
equal to minus 0.29 V, and the transistor, shown 
in Figure 2 at a voltage on the drain approximate- 
ly −minus 0.015 V. 

The theoretical possibility of operating the 
semiconductor structure shown in Figure 1, which has 
a total length of the structure equal to 1∙10−6 m and the 
length of the gate equal to 0.2∙10−6 m, as an amplifier 
for signals in the EHF range was studied. Figure 7 of 
curve 1 shows the output current dependence of this 
semiconductor structure obtained by simulation. 

In this case, an external harmonic signal with a 
frequency of 200 GHz and amplitude Us = 0.15 V 
(curve 2 in Figure 7) was applied to the gate of the 
semiconductor structure at a constant voltage at the gate 
Ug , equal to minus 0.15 V. Curve 3 in Figure 7 shows 
the dependence of output current on the time of this 
semiconductor structure, built using 6H-SiC material, 
but without a layer of graphene. The constant voltage 
applied to the drain was 1.5 V, while the gate constant 
voltage was minus 0.15 V for both calculation options.
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Figure 7 – Time dependencies of the output current of the 
semiconductor structure and the external signal applied to 
the gate: 1 – output current dependence of the structure 
shown in Figure 1; 2 – dependence of the external signal 
applied to the gate; 3 – output current dependence of 
the semiconductor structure constructed using 6H-SiC 
material but without a graphene layer

Analysis of Figure 7 (curve 1) shows that a 
semiconductor structure with a layer of graphene is 
capable of transmitting and amplifying an input signal 
at 200 GHz in the EHF range with a gate length of 
1∙10−6 m. A normal semiconductor structure based 
on silicon carbide but without graphene is unable to 
transmit and amplify input signals at 200 GHz because 
of the low speed and mobility of charge carriers in silicon 
carbide (Figure 7, curve 3). Thus, the introduction of a 
layer of graphene into the transistor design with a silicon 
carbide substrate allows for a significant expansion of 
the frequency range of the amplifier in the EHF range.

Figure 8 shows the actual part of the complex 
spectrum amplitude, which was obtained by direct 
conversion of Fourier values of drain currents. This 
transformation was applied to the output current 
dependence data array, which is represented by 
curve 1 in Figure 7.

Figure 8 – The real part of the complex spectrum 
amplitude, which was obtained by direct Fourier 
transformation of drain current values

The analysis of Figure 8 shows that in the 
received spectrum of output signal there is a 
component with frequency equal to 200 GHz. 
The analysis of Figures 7 and 8 shows that the 
semiconductor structure with a layer of graphene is 
able to transmit and amplify the input signal in the 
EHF range when selecting the appropriate length of 
the gate.

Conclusion

Modeling of output characteristics of field-effect 
transistors containing single graphene layer was 
performed using Monte-Carlo method and solution 
of Poisson equation. The simulation results show that 
the use of graphene in semiconductor compounds 
opens up new opportunities for improving high-
frequency field-effect transistors due to high charge 
transfer rate, good scalability prospects, high thermal 
conductivity and a number of other advantages. For 
graphene semiconductor structures it is possible to 
achieve a higher average speed of electrons than in 
similar silicon transistors and transistors, which are 
based on other known semiconductor materials. Due 
to the use of graphene with such characteristics of 
charge carriers transfer it is possible to achieve high 
current densities in the open state and high values of 
transconductance, which provides good functioning 
characteristics and high operating frequency of field 
effect transistors. 

The results obtained allow predicting the 
wide use of transistors using graphene layers for 
amplifiers and other devices with high output 
characteristics. The developed designs of graphene 
field-effect transistors can find wide application in 
radio-electronic, radar and radio-navigation systems 
due to expected significant improvement of output 
characteristics of semiconductor devices designed 
for operation in the microwave and microwave 
frequency bands.
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