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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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BbIXo1HbIE XapaKTEPUCTUKHU IPa(eHOBBIX MOJIEeBbIX
TPAH3MCTOPOB

B.H. Mumenko

benopycckuii 2ocyoapcmeenviii ynugepcumem uHGopmamuxi u paouod1eKmpoHuKu
I1. Bposxu, 6, e. Munck 220013, Berapyco

Hocmynuna 08.07.2020
Hpunama k neuamu 08.09.2020

Hcnons3oBanue rpadeHa, KOTOPbIA 00J1a1aeT BHICOKOM MOJBHKHOCTHEO HOCHTEINICH 3apsijia, BEICOKOH
TEIJIONMPOBOAHOCTBIO U PSIAOM JIPYTUX MOJIOKHUTEIbHBIX CBOMCTB, SIBISETCS MEPCIICKTUBHBIM AJIS CO3IaHUS
HOBBIX TIOJYITPOBOJHUKOBBIX MTPHOOPOB C XOPOIIMMH BBIXOJHBIMU XapaKTepucTuKamMu. Llenbio paboThI siB-
JISUTOCh MOJICIIMPOBAHNE BBIXOJHBIX XapaKTEPUCTHUK TOJEBBIX TPAH3UCTOPOB, copepkammx rpadeH, ¢ uc-
nosb3oBaHueM Metoga Mounte-Kapio u pemenus ypasaenus Ilyaccona.

PaccMoTpeHsl 1B€ KOHCTPYKIIMH TTOYIPOBOJIHUKOBBIX CTPYKTYP, B KOTOPBIX OJUHOYHBIN CIION (WU
MOHOCJION) rpadeHa pacroiaraeTcsi Ha MOJIOKKe, chOpMUPOBAHHONM M3 MaTepuaia KapOuI KpeMHUS THUTIA
6H-SiC. Oco0eHHOCTBIO IEPBO U3 HUX SIBIISETCS TO, YTO KOHTAKTHBIC 00JIACTH CTOKA U UCTOKA MOJTHOCTHIO
pacronaraiuck Ha clioe rpadeHa, JJIMHA KOTOPOTO BOJb MPOJIOJILHOW KOOPIMHATHI paBHSIACH JUTMHE TO/I-
noxku. KoHCTpyKIust BTOpOil CTPYKTYpBI OTIIMYANACh OT MEPBOM KOHCTPYKIUU TE€M, UTO JJIMHA CJIOS rpa-
(eHa ObUTa YKOpPOYCHA M OOJIACTH CTOKA M MCTOKA YACTHYHO PACIOIaraluch Ha cioe rpadeHa, a 4acCTU4HO
Ha TI0JIJIOJKKE.

IIyTém MonenupoBaHus MOTYYCHBl OCHOBHBIC BBIXOJHBIC XapaKTEPUCTUKHU MOJIEBBIX TPAH3UCTOPOB, MO-
CTPOCHHBIX HAa OCHOBE JBYX PACCMOTPEHHBIX MOJYHPOBOJAHUKOBBIX CTPYKTYp. MoIenupoBaHue BHITIOIHS-
JIOCh C HCIONBb30BAHUEM METOJIa CTATUCTHUUECKOro MojenupoBaHus — Meroga Monte-Kapno. /i Beimosn-
HEHUS MOJISIIMPOBaHUsS OBbLI pa3paboTaH BBIYMCIUTEIBHBIA aJrOPUTM, COCTABJICHA U OTJaXKEHA MPOTpam-
Ma YHCJICHHOTO MOJAeNupoBanus MeTogoM MounTe-Kapio B TpEXMepHOM IPOCTPAHCTBE C UCTIOIB30BAHUEM
ypaBHeHus [lyaccona.

Pe3ynbTaThl BRIIOJHEHHBIX UCCIICIOBAHUHN TIOKA3bIBAIOT, YTO pa3paboTKa MOJIEBBIX TPAH3UCTOPOB C HC-
MOJIL30BaHUEM CIIOEB rpapeHa MOXKET YIYUIIUTh BBIXOJHBIC XapaKTEPUCTUKU — YBEIHYUTHh BBIXOJIHOU TOK
U KPYTHU3HY, a TaK)K€ MOBBICHTH MPEICIbHYI0 YaCTOTY PabOTHI MOIYIPOBOIHUKOBBIX CTPYKTYP B BBICOKO-
YaCTOTHBIX JUana3oHax.

KaroueBble ci10Ba: moyieBbie TpaH3UCTOPHI, rpadeH, Mmetox MoHTte-Kapiio, BEIXOTHBIE XapaKTepPUCTHUKH.
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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°m, height — 0.34:10°*m (DS parameter,
y coordinate), width (z coordinate) — 8:10°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° m. The gate length
(DZ parameter) was also assumed to be 0.2:10° m.
The thickness of the graphene layer was assumed
to be 0.34-10° m. Calculations were made for the
temperature value 7= 300 K.

2 DB z BL g DA

DY @ N
1/ o
2 2 W

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 1:10'” cm™. 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° 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 M -L-M, valleys of conductivity zone

300



IIpubopsr u memoosl usmepeHuil
2020.-T. 11, Ne 4. — C. 298-304
V.N. Mishchenka

Devices and Methods of Measurements
2020, vol. 11, no. 4, pp. 298-304
V.N. Mishchenka

having the lowest energy was used. The value of the
gap between the M, and M, 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].
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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]:

E=h-v, -k +k +kZ,

where k,, k,, k,—the components of the wave
vector (wave numbers) along the coordinates x, y, z,
respectively; v, —the Fermi speed in graphene, the
value of which is usually taken as 1.0-10% cm/s; 7 —
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 /
drain on the value of direct voltage at the gate U,
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0.8
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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 U,, 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 / and the transconductance of output
characteristic g, on the value of constant voltage
at the gate U, 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 u 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
g, on the value of direct voltage at the gate U,,
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 g,, reaches a value of approximately
0.075 mS at a gate voltage of approximately 0 V for
structure 1 shown in Figure 1.
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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 g,
has lower values compared to structure 1, shown in
Figure 1,reachingamaximum 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.
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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 / on the value of DC voltage U,. The curves
1-3 in Figure 6 are obtained at the gate voltage
U, 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.
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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"° m and the
length of the gate equal to 0.2:10 ® 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 U;=0.15V
(curve 2 in Figure 7) was applied to the gate of the
semiconductor structure at a constant voltage at the gate
U,, 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
1-110°m. A normal semiconductor structure based
on silicon carbide but without graphene is unable to
transmit and amplify input signals at 200 GHz because
ofthe 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.

0.020
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0.005 -

0.000 : : :
0 100 200
Hz
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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