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A tunneling current in bilayer armchair graphene nanoribbon (BAGNR) based tunnel field-effect tran-
sistors is modeled by semi-numeric methods. Potential profiles of field-effect transistors are divided into
several segments by numerical methods. The Transfer Matrix Method (TMM) is a numerical method used
in calculating electron transmittance values. The TMM method was applied to get the electron transmit-
tance values, then the Landauer formula with the Gauss Legendre Quadrature (GLQ) method was applied
to generate the tunneling current from TFETs. The tunneling current is calculated by changing a number
of variables, namely gate voltage (Vi), drainage voltage (Vp), temperature, N index, the thickness of the ox-
ide layer and device length. In this study, the calculation of the cut-off frequency on the tunneling field-
effect transistor was also carried out. The results of the tunneling current calculation show that the great-
er value of Vi can affect the saturation current. The results of the tunneling current calculation show that
the higher the temperature, the lower the tunneling current value. The calculation of the tunneling cur-
rent also shows that the wider the BAGNR, the greater the tunneling current. This is due to the influence
of BAGNR width which makes the energy gap (Eg) lower. The value of the cut-off frequency on the BAGNR
tunnel field-effect transistor recorded in this study is 3.96-8.9 THz.
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1. INTRODUCTION

Today, the electronic world has shown significant
development. One of the interesting electronic
components is transistors. These devices are commonly
used as amplifiers, electronic switches, and components
of the integrated circuits. In its development,
transistors experience several obstacles such as
thermionic effects and constraints of low energy use to
reduce power dissipation. Based on some of these
constraints, the transistor development was carried out
in several aspects including the working mechanism,
transistor design and transistor-making material [1].
One type of transistors that shows development is a
field-effect transistor. A field-effect transistor (FET) is
a transistor using an electric field to control a channel
from a type of charge carrier in the semiconductor
material. The development of FETs includes metal-
oxide-semiconductor field-effect transistors (MOSFETSs)
and tunnel field-effect transistors (TFETs). The
difference between a MOSFET and TFET lies in the
transfer mechanism. The transfer mechanism in the
MOSFET uses thermionic emissions that require a
certain amount of energy so that the transistor can
reach ON conditions while TFET uses a quantum
tunneling mechanism [2]. A TFET is one of the
electronic devices that shows a promising future. TFET
has the advantage of exploiting low energy, a tunneling
mechanism between bands that can reduce current
leakage and fabrication similar to MOSFETs. With
these advantages compared to MOSFETs, TFET is an
alternative electronic device. TFET has the potential to
be applied to devices that work with low energy and
high frequency and energy efficiency which can be
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Most of the materials used in electronic components
are dominated by silicon. At present, the development of
silicon as a semiconductor material is close to its limits.
With the mobility of electrons below 1400 cm?/Vs,
energy bands around 1.1eV and decreasing
performance at high temperatures provide opportunities
for other solid materials to replace silicon as the basic
material of electronic devices [4]. One alternative
material that attracts the attention of researchers and
continues to show progress is graphene. Graphene has
superior characteristics than silicon including electron
mobility of 200,000 cm2/Vs and energy bandgap at
0.5 eV [5]. The electronic properties of graphene show a
variety of advantages that can make it an alternative to
electronic basic materials. Based on its structure
graphene can be divided into graphene monolayer,
graphene bilayer, and multilayer graphene. Graphene
bilayers with double stack structures have advantages
in better structure, higher electric charge mobility and
flexibility than graphene monolayer [6].

Several studies have investigated the ability of
graphene in electronic devices given the characteristics
of the electric current-potential FET from BAGNR [7],
and simulation of tunneling currents on TFET device
nanoribbon device transistors. It has been shown that
the electron transmittance values with the airy
function are calculated wusing several device
parameters. The transmittance value obtained is then
used to calculate the tunneling current. The results
obtained show that current characteristics are similar
to the characteristics of current MOSFETSs in general.

In this study, we will calculate the tunneling current
in tunnel field-effect transistor bilayer armchair

. . N graphene nanoribbon (TFET-BAGNR) wusing the
applied to integrated circuits [3].
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transfer matrix method (TMM). The TMM can reduce
calculation errors in numerical calculations and has
been widely used in quantum phenomena [8]. The TMM
is used to calculate electron transmittance, and the
transmittance is used to calculate the tunneling current
using a Landauer equation. Then it will be examined
the effect of several parameters such as N-index
BAGNR, temperature, and oxide layer thickness on the
tunneling current in TFET. In addition to calculating
the tunneling current, in this study, the calculation of
the cut-off frequency in the TFET was calculated.

2. THEORETICAL MODELS

This paper reports on a study which calculates
tunneling current in a graphene bilayer TFET using
the TMM. The potential profile used in this study is
based on the potential profile in the reference [7]. The
solution of the Schrodinger equation in this calculation
is done by applying the boundary conditions for each
segment to get the transmittance value using the TMM
already done. After the transmittance value is
obtained, this value is used to calculate the tunneling
current in TFET using the Landauer formula [9].

The tunneling current is dependent on the large
probability of the electrons breaking through the
potential barrier. Related tunneling currents in FETs
can be formulated as follows [10]:

=2 [ (B[ f(B)- f(ENAE,  (2.1)

kh

where fs(E) and fp(E) are the Fermi-Dirac distribution
functions of the source and drain, respectively, A is the
Planck constant, kg is the Boltzmann constant, T(E) is
the transmission coefficient, and g, is the GNR
degeneration (g, = 1).

The cut-off frequency is one of the important
parameters that can represent the performance of an
electronic device. The cut-off frequency can also be
considered as the first thing that can be defined for
frequency response because of an increase in the cut-off
frequency that can reduce the intrinsic delay in the
transistor. The cut-off frequency can be defined as
follows [11]:

En

= 27C, ’ (2:2)

where gm is the transconductance and Cg is the total

capacitance at the gate. Transconductance can be

defined as the first differential of the breakthrough
current against the gate voltage as follows [11]:

oI,
=Zo, 2.3
8n v, (2.3)

3. RESULTS AND DISCUSSION

In this research, the tunneling current on TFET-
BAGNR was simulated. This aims to determine the
relationship between several variables and the
tunneling current in the TFET.
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Fig. 1 - Tunneling current as a function of drain voltage (Vp)
with variations of N-index (a); tunneling current as a function
of drain voltage (Vp) with variations of temperature (b)

Fig. 1a shows the effect of N-index on the tunneling
current on the TFET by comparing the value of the
tunneling current at point Vp=0.1 V. It can be observed
that the value of the tunneling current is higher with
increasing N-index of BAGNR. N-index of graphene
affects the edges of BAGNR structure which form the
width of BAGNR. The width of BAGNR has an effect on
the bandgap energy (E;) in graphene. In accordance
with the present results, previous studies have shown
that current density increases with increasing width of
BAGNR and reaches a maximum when the width of the
BAGNR reaches an =6.5 nm [12]. It is apparent from
Fig. 1a that a relationship between the value of Eg with
the N-index is inversely proportional. This result agrees
with the findings of other studies in which it is shown
that the BAGNR bandgap energy (Eg) decreases with
increasing width of BAGNR [10, 12]. When the width of
BAGNR increases, the bandgap energy decreases
because one of conditions for tunneling process to occur
in TFET. The difference in Eg values can affect a large
number of electrons that can break through the barrier.
Amount of tunneling current is due to the influence of
the bandgap energy value on the semiconductor. This
value can determine the minimum energy needed for
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electrons in the semiconductor so that they can move
from the valence band to the conduction band and then
become the carrier charge on the transistor. This
finding indicated that an increase in the width of
BAGNR causes a decrease in the energy bandgap. Then
the electrons more easily enter the conduction band and
the holes are easier to enter the valence band. As a
result, the tunneling current in the transistor is getting
higher [10, 13].

As shown in Fig. 1b, the tunneling current value at
point Vp=0.1V on the TFET can be affected by the
temperature of the transistor. The data shows that the
higher the value of the temperature, the lower the value
of the tunneling current in the transistor. It shows an
indication that the tunneling current is influenced by
the temperature of testing. The temperature of testing
in this study can affect thermal resistivity in
semiconductor materials. A lower tunneling current
when the temperature is higher because the thermal
resistivity at high temperatures is higher than the low
temperature. The high thermal resistivity can inhibit
the rate of electrons to flow [14]. Further analysis shows
that another cause of decreasing tunneling current
influenced by increasing temperature is the carrying
charge of graphene affected by temperature. This is due
to the collision mechanism that occurs in graphene,
namely the phonon collision. The effect of the phonon
collision with the carrier charge in both graphene
monolayer and graphene bilayer is very weak in the
temperature range 0-300 K. In graphene bilayer, the
effect of phonon scattering is smaller than that
occurring in graphene monolayer. Therefore, bilayer
graphene has a stable level of carrier charge mobility in
this temperature range. Based on previous experiments
at temperatures of 273-513 K, an indication of the
temperature has little effect on the mobility of graphene
bilayer load carriers. This is because the main
scattering source does not have a significant effect on
the load carrier conditions in graphene [15].
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Fig. 2 — Tunneling current as a function of drain voltage (Vbp)
with variations of gate voltage (Vi)

Fig. 2 shows that the tunneling current, which is
higher than the Vp value from 0-0.1V, increases the
tunneling current value proportional to the increase in
Vb value. To find out the effect of the gate voltage on
the transistor, it can be seen based on the current value
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at point Vp=0.1V. It can be seen in Fig. 2 that the
higher gate voltage value (V;), the bigger the tunneling
current produced. This happens based on the working
principle of a FET that is affected by voltage. When the
drain voltage Vp gets bigger, the channel area will be
thickened so that the channel narrows and the barrier
on the channel gets bigger. According to this result, it
can be found that the relationship between conductor
resistance and cross-sectional area is inversely
proportional. For larger Vb, the emptying area will get
bigger and close the channel. This causes clamping on
the channel and the current undergoes saturation, and
Vb voltage where this occurs is called pinch voltage (Vp)
[16]. The value of the tunneling current in the range
Vp>0.2V is no longer experiencing a significant
increase, this can be affected by pinch voltage (Vp).
Tunneling current at Vp> 0.2V reaches saturation
conditions. Saturation conditions occur when the edge
of the conduction band on the channel is lower than the
channel, where the conduction band edge is dependent
on gate voltage [17]. The gate voltage on the device
affects the value of the pinch voltage that occurs on the
device. The pinch voltage on the device can make the
tunneling current undergoes saturation conditions
which mean that there is no increase in the flow of
electrons that break through the barrier. Based on
Fig. 2 the saturation current in TFET corresponds to
the saturation conditions in conventional FET [10].
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Fig. 3 — Tunneling current as a function of gate voltage (Vi)
with variations of oxide layer thickness

Fig. 3 shows the calculation results of the tunneling
current against the gate voltage variations for several
layer thickness variables. Based on this figure, the
tunneling current is recorded at Vi > 0.01 and continues
to rise in proportion to the increase in V. The current
that has not occurred at Ve < 0.01 can be caused by a
channel that has not been formed so that the electrons
in the source area have not been able to flow to the
drain area. The most interesting of this graph is
decreasing current value based on the increasing
thickness oxide layer at the gate. It is shown in Fig. 3,
that when the current at the gate voltage Ve=0.1V,
the tunneling current value is inversely proportional to
the thickness of the oxide layer at the transistor gate.
But the difference in current values is not too high
compared to the current for the thickness of the other
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oxide layers. This can indicate that the thicker the oxide
layer in the transistor, the lower the current produced
by the transistor. This phenomenon can be influenced
by the charge capacitance at the gate which is getting
higher when the thickness of the oxide layer is getting
lower. The charge capacitance at the gate can make it
easier for electrons to flow from the gate to the channel
so that the tunneling current gets bigger [18]. The effect
of oxide layer thickness on tunneling current has
characteristics similar to MOSFETs and CNT-FETs [7].
Further analysis of the data reveals that the thickness
of the oxide layer can affect the threshold voltage value
(Vrr). The threshold voltage is the minimum voltage
value at the gate-source that is needed so that the
carrier charge can flow from the source to the channel
[11]. The threshold voltage (Vrm) can be shown by a
dashed line in Fig. 3 at point Ip=0 A. The significant
difference in the value of the threshold voltage is due to
the difference in thickness of the oxide layer. This result
shows that the threshold voltage value in the transistor
is getting higher along with the thickness of the oxide
layer. This means that a higher voltage value is needed
so that the carrier load can flow to the drain.
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Fig. 4 - Tunneling current as a function of drain voltage (Vp)
with variations of channel length

Fig. 4 shows the tunneling current in the transistor
against changes in drain voltage (Vp). The tunneling
current has a significant increase in the drain voltage
range Vp<0.01. When Vp>0.01 the tunneling current
begins to a saturation phase. This is indicated by an
increase in current that is not significant and tends to be
stable. This saturation condition is caused by the drain
voltage that has closed the channel. With the closure of
the channel, the tunneling current is no longer
increasing. Based on the above graph, the tunneling
current value is obtained at point Vp=0.1V. The
tunneling current value of the transistor at that point
has different values for different device lengths. Based
on this data, the tunneling current value has decreased
along with the length increase in the transistor channel.
The influence of device length on the tunneling current
in the TFET can be influenced by the resistivity value.
For large devices, the resistivity value will be greater so
that the tunneling current that occurs will be smaller. It
is inversely proportional to the smaller device length.
The resistivity value will be greater so that the
tunneling current will be greater [19].
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Fig. 5 — Cut-off frequency as a function of gate voltage (Vi)
with variations of N-index

In this study, a simulation was performed on the
calculation of the cut-off frequency for TFETs. The cut-
off frequency is one of the characteristics of a transistor.
It is the frequency that exceeds or less than the operat-
ing range, and it may cause the transistor fails to
operate. Based on the picture above, the calculation
model for the cut-off frequency for TFETs with several
predetermined calculation parameters is obtained. The
frequency value in the TFET increases at Ve =0-0.02 V
to the maximum frequency. This can occur because of
an increase in transconductance and a decrease in the
total gate capacitance value (Cg) at the gate. However,
the cut-off frequency in this simulation has decreased
for Vo > Vru. This happens because there is an increase
in the total capacitance of the gate in the condition ON.
Higher Cg in TFETSs is caused by the capacity at the
gate to the dominant drain because the presence of a
large breakthrough barrier between the channel and
the source in the ON state can reduce the effect of gate
capacitance and source. The capacitance value at the
gate will rise as the gate voltage reaches the saturation
condition [18]. The cut-off frequency value shown in this
simulation has a better value than the cut-off frequency
value indicated by a conventional graphene MOSFET
experiment that has a value of 800-1400 GHz. The
difference in the cut-off frequency value in this study is
because the modeling carried out assumes that the
transport that occurs is ballistic transport and ignores
the interface effect in the simulation [20].

4. CONCLUSIONS

In this research, a tunneling current calculation in
TFET-BAGNR using TMM was performed to obtain
electron transmittance. Electron transmittance is then
used to calculate the tunneling current with the Gauss-
Legendre quadrature method. The tunneling current in
the transistor is influenced by the bandwidth of
BAGNR, the thickness of the oxide layer at the gate, V-
index of BAGNR, temperature and device length. The
cut-off frequency is one of the important parameters in
reviewing the performance of transistors and the cut-
off frequency value recorded in this study is 3.5-
8.9 THz.
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Mopgesib TYHEJIBHOTO CTPYMY Y TYHEJIBHOMY IOJIBOBOMY TPAH3UCTOPi Ha 0a3i JBomIaporoi rpa-
(reHOBOI HAHOCTPIYKHU 34 JOIIOMOI'OI0 METOAY MATPHIII IIEPEHOCY

E. Suhendi, M.F. Fadhillah, I. Anjaningsih, S.D. Ulhaq, A. Fadhillah, D. Rusdiana

Program Studi Fisika, Universitas Pendidikan Indonesia, Bandung, Indonesia

TyHenbHMI CTPYM B TYHEJIbHUX MOJBOBHUX TPAH3WUCTOPAX Ha 6a3i ABOIIAPOBOI rpadeHOBOI HAHOCTPIUKA
(BAGNR) MopemmoeTbecss HAIIBUMCIOBUMEI MeToAaMu. I10TeHITiiHI mpodisIi HoIbOBUX TPAHSUCTOPIB MIIATHCA
HA KUIbKA CETMEHTIB 3a yucaoBumu merogamu. Meron marpuriri meperocy (TMM) — 11e yncsioBuii MeTOT, 1110
BHUKOPHCTOBYETHCA JJIsI O0UMCIIEHHST KOe(IIieHTa ITPOXOKeHHS eJIeKTPOHIB. BUKOPHCTOBYIOUN pe3ysIbraTh
obuncIIeHHA KoedillieHTa MPOXOKeHHsT eJeKTPoHiB MerogoM MMT, TtymessHuit crpym OyB OTpUMaHUE 3a
dopmyitoro Jlanmayepa 3a mormomoroio metoy kBangpatyp [ayca-Jleskammpa. TyHebHMN cTPYyM 00UHCITIOETH-
cs Bapialfierno Yrciia 3MIHHUX, a came Harpyru 3atBopy (Ve), Hanpyru crory (Vp), Temmepatypwu, KoedirrieH-
Ty [N, TOBIIUHY OKCHTHOTO APy Ta JOBMKUHU IPUCTPOI0. Y IIHOMY JOCJIIKeHHI TAKOK OyB IIPOBEIEHII PO3-
PaxXyHOK YaCTOTH 3pidy Ha TYHEJIbHOMY IIOJIbOBOMY TPAH3WCTOPi. Pe3ysbratv po3paxyHKy TYHEJIBHOTO
CTPYMy IIOKa3yITh, IO OlIblle 3HAYEHHS] VG MOKe BILIMBATH Ha CTpyM HacuuyeHHs. Kpim Toro, umm BuIina
TeMIepaTypa, TUM HUKYe SHAYEHHSI TYHEJIBHOrO CTPyMy. PO3paxyHOK TYHEJIBHOTO CTPYMY TAKOMK IIOKA3YE,
mo ynM mupire BAGNR, tum 6inbmmit TyHeabau crpyM. Lle mos'ssano 3 sminsom mupuan BAGNR, 1o
pobuTh mmpuHy 3a60poHeHol 30HU (Eg) MeHIIO©0. 3HAYEHHS YaCTOTH 3pi3y HA TYHEJIHHOMY II0JILOBOMY TPa-
uaucropi Ha 6a3i BAGNR, orpumane B 11b0My I0CITIIsKEHH], CTAHOBUTD 3,96-8,9 TT'm,

Knrouoei ciosa: Tynensuuit ctpym, Tyrensuamit nonsosuit tpausucrop, BAGNR, MMT, Yacrora 3piay.
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