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ABSTRACT 

Graphene nanoribbons with tunable energy bandgaps present notable advantages for tunneling field-effect transistor (TFET) 
applications. These nanoribbons, composed of carbon atoms arranged in a hexagonal lattice resembling a honeycomb structure, 
feature a narrow width. The cut-off frequency of TFETs reflects their potential for developing low-energy, high-frequency devices. 
This study employed the Airy function approach to model the cut-off frequency of multilayer armchair graphene nanoribbon (AGNR) 
TFETs. Numerical calculations were conducted using computational programming in Wolfram Mathematica. The TFET's potential 
profile was derived using the Airy function method to calculate transmittance, which was then used to determine the tunneling current 
through the Landauer equation and the Gauss-Legendre quadrature method. The tunneling current calculation enabled the estimation 
of the cut-off frequency. Results indicate that the cut-off frequency initially increases with gate voltage, reaches a peak, and 
subsequently decreases. Higher drain voltage and oxide thickness are associated with increased cut-off frequency, while longer 
channel lengths, wider multilayer graphene nanoribbons, and elevated temperatures tend to reduce it. Variations in AGNR layers 
significantly affect TFET performance, with trilayer AGNR TFETs achieving superior cut-off frequencies compared to their bilayer and 
monolayer counterparts. 
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1. INTRODUCTION 

The International Technology Roadmap for Semiconductors 
(ITRS) has indicated that the scaling down of 
complementary metal-oxide-semiconductor (CMOS) 
transistors has reached a plateau, emphasizing the need to 
expand CMOS capabilities to further advance electronic 
systems [1]. CMOS technology is commonly used in most 
very large-scale integrated (VLSI) circuit chips, which can 
contain thousands or even millions of metal-oxide-
semiconductor field-effect transistor (MOSFETs) [2]. An 
alternative for achieving high-speed, ultra-low-power, and 
energy-efficient devices is the tunneling field-effect 
transistor (TFET) [3], introduced by T. Baba in 1992. Unlike 
MOSFETs, TFETs utilize the quantum tunneling field effect 
at the barrier. They demonstrate superior energy efficiency 
compared to CMOS technology [4]. 

The cut-off frequency is a critical parameter for assessing 
transistor frequency behavior and intrinsic delay. A higher 
cut-off frequency results in reduced switching delays and 
enhances the high-frequency performance of TFET devices 
[5]. The cut-off frequency value indicates the advantage of 
TFETs in developing low-energy and high-frequency 
devices. 

Graphene emerges as a promising material for TFETs due to  
 

its exceptional properties. Graphene, composed of carbon 
atoms arranged hexagonally, exhibits high electron mobility 
exceeding 200,000 cm2/Vs [6]. While monolayer graphene 
was initially produced mechanically through methods like 
the scotch-tape technique [7], graphene can also be 
synthesized epitaxially via chemical vapor deposition (CVD) 
of hydrocarbons on metal substrates [8]. Even though the 
resulting material is multilayer graphene, it retains many of 
the attractive properties of monolayer graphene [9]. 
Stacked graphene layers exhibit distinct electronic 
structures based on layer number and stacking order [10], 
with the AB arrangement being the most common and 
stable [11]. Bilayer graphene arranged in a Bernal phase is 
more stable than AA-stacked configurations [12], and 
trilayer graphene stacked in a rhombohedral pattern can 
adjust its bandgap [13]. The rhombohedral stack is 
expected to have stronger electronic interaction compared 
to the Bernal stack. 

Graphene nanoribbons (GNRs) are narrower than 10 nm 
function as transistors at room temperature, offering fast 
switching and high mobility [14]. These GNRs are 
categorized based on their edge type, with zigzag edges 
(ZGNRs) being metallic and armchair edges (AGNRs) 
exhibiting either semiconductor or metal properties [15]. 
GNR with adjustable energy bandgaps is beneficial for 
TFETs, enabling high-speed, low-power performance [16]. 
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Many simulations have looked into TFET GNR traits [17–
19], showing that GNRs with weak interlayer coupling are 
best for high-performance GNRFETs [20]. Additionally, 
introducing a lightly doped region between the drain and 
channel in GNR TFETs significantly enhances performance, 
reducing off-current by a factor of 102–103, increasing 
on/off ratio by up to 105, shortening delay times, reducing 
power-delay product (PDP), and diminishing drain-induced 
barrier thinning (DIBT) [21]. Simulation research is vital for 
optimizing electronic device performance before large-
scale production. 

This research focuses on modeling the cut-off frequency of 
AGNR multilayer TFETs using the Airy function approach to 
analyze multilayer AGNR TFET characteristics—monolayer 
(MAGNR), bilayer (BAGNR), and trilayer (TAGNR)—based 
on influential parameters. The Airy function solves the 
Schrödinger equation on TFETs, maintaining satisfactory 
precision compared to the Wentzel-Kramers-Brillouin 
(WKB) approximation [22], especially for low-energy 
tunneling probability calculations [23]. 

2. METHODS 

In the low-energy approximation, the relationship between 
the dispersion energy E(k) to the wave vectors of 
monolayer graphene, bilayer graphene, and rhombohedral 
trilayer graphene is linear, quadratic, and cubic, 
respectively. The energy bandgap refers to the difference 
between the conduction band, labeled +E(k), and the 
valence band, marked labeled –E(k). The transverse 
momentum of AGNR is given by k = nπ/3w. Table 1 shows 
the energy bandgap of multilayer graphene, where γ1 
representing the interlayer coupling at 0.39 eV [24], and vf 
denotes the Fermi velocity. The width of GNR (w) is 
determined by the number of atoms along the AGNR width, 
which exhibits distinct properties [25]. 

All calculations were performed using Wolfram 
Mathematica 11.2 software. The potential profile of the 
TFET, determined by solving the Schrödinger equation [27], 
is calculated using the Airy function approach [23]. This 
method determines the electron transmittance, which 
represents the probability of electrons tunneling through 
the potential barrier from the source to the drain in the 
TFET structure. Subsequently, this transmittance is used to 
calculate the tunneling current through Equation (1), also 
known as Landauer's equation. 

Id = 
2q

πħ
∫ T(E)[fs(E) – fd(E)]dE

Evs

Ecc
 (1) 

where q is the electron charge, ħ is the reduced Planck 
constant, T(E) is the electron transmittance, and fs(E) and 
fd(E) are the Fermi distributions on the source and drain in 
Equation (2). 

fs(E) = 
1

1 + e

E
KBT

 ; fd(E) = 
1

1 + e

E + eVd
KBT

 (2) 

where E is energy, KB is Boltzmann's constant and T is 
temperature [28]. 

Table 1. Energy dispersion and energy bandgap multilayer 
graphene nanoribbon [26] 

Material +E(k) Eg 

Monolayer ħ vf k 
2πħvf

3w
 

Bilayer 
ħ2vf

2k2

γ1

 
2π2ħ2vf

2

9γ1w2  

Trilayer 
ħ3vf

3k3

γ1
2  

2π3ħ3vf
3

27γ1
2w3

 

 

The cut-off frequency is determined using Equation (3) [5], 
[17], [18], [29]. 

ft = 
gm

2πCg
 (3) 

where gm is the transconductance and Cg is the total 
capacitance at the gate. Transconductance represents the 
rate of change of the tunneling current concerning the gate 
voltage, as expressed in Equation (4). 

g
m

= 
∂Id

∂Vg
 (4) 

The total capacitance at the gate is an effect that arises due 
to the insulator layer, so that polarization occurs at the gate 
and the multilayer AGNR. The total capacitance at the gate, 
assuming a constant polarized charge, is shown in 
Equation (5). 

Cg = 
2

3
CoxwL  (5) 

where w is the width of the AGNR multilayer, L is the length 
of the AGNR multilayer at the gate, and Cox is the capacitance 
in the oxidation region. This capacitance is calculated as the 
product of the dielectric constant εox/tox where εox is the 
dielectric constant and tox is the oxide thickness. The cut-off 
frequency varies based on the drain voltage, channel length, 
oxide layer thickness, multilayer AGNR width, and 
temperature. 

3. DISCUSSION AND RESULTS 

The cut-off frequency is calculated using Vd = 0.1 V, w = 
5.042 nm, L = 20 nm, tox = 1 nm, and T = 300 K, within a gate 
voltage range of 0.0 to 0.2 V. A low Vd helps maintain a 
balance between minimizing power consumption and 
maintaining reasonable current flow, crucial for low-power 
electronic applications like TFETs, which are designed to 
operate efficiently at low voltages. The channel length of 20 
nm is a typical choice for nanoscale devices, reflecting 
modern scaling trends in semiconductor technology, where 
shorter channels enhance device switching speeds, but also 
increase leakage currents. A thin oxide layer (tox = 1 nm) is 
crucial for achieving strong electrostatic control over the 
channel, which is necessary for proper switching behavior 
in graphene-based devices. The thin oxide ensures that gate 
voltage efficiently modulates the channel. 
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As the gate voltage increases, the conduction band of the 
channel decreases until it falls below the valence band of the 
source. This leads to an increased probability of electrons 
tunneling towards the drain, resulting in a greater number 
of electrons moving from the source to the drain. The cut-
off frequency rises until it reaches a maximum value, 
corresponding to an increase in transconductance, as 
shown in Figure 1. Subsequently, the cut-off frequency 
declines due to the combined effects of increased total 
capacitance, reduced carrier mobility induced by the gate 
field, and saturation of the tunneling current [30]. 

The peak cut-off frequency observed in TAGNR surpasses 
that of BAGNR and MAGNR, as shown in Table 2. This is 
attributed to the higher tunneling current in TAGNR 
compared to BAGNR and MAGNR. Moreover, the greater 
tunneling current in TAGNR causes the cut-off frequency 
value to decrease more rapidly after reaching its peak. The 
differences in cut-off frequency values between TAGNR and 
BAGNR are not substantial compared to those with MAGNR, 
likely because the bandgaps of TAGNR and BAGNR are 
similar to each other but different from those of MAGNR. 
Additionally, TAGNR exhibits the lowest threshold voltage 
compared to BAGNR and MAGNR due to its smaller 
bandgap, which requires less electron energy to traverse 
the potential barrier. The increased cut-off frequency leads 
to reduced switching delay and enhances the device's high-
frequency performance [5]. 

3.1. Effect of Drain Voltage 

The cut-off frequency is determined by adjusting the drain 
voltage to 0.05 V, 0.10 V, 0.15 V, 0.20 V, and 0.25 V. As shown 
in Figure 2, the cut-off frequency increases with rising drain 
voltage, exhibiting an exponential growth pattern. This 
increase is attributed to enhanced carrier mobility, leading 
to higher transconductance and a concurrent decrease in 
gate capacitance. The combination of reduced capacitive 
effects and elevated transconductance contributes 
significantly to the improvement of the cut-off frequency 
[30]. 

When comparing MAGNR, BAGNR, and TAGNR, it is evident 
that TAGNR consistently demonstrates a higher cut-off 
frequency across all drain voltage levels. This superior 
performance is due to stronger interlayer coupling in 
trilayer graphene, which enhances charge carrier mobility  
 

Table 2. The peak cut-off frequency of the TFET multilayer AGNR 

Material Eg (eV) Vg (V) f (THz) 
MAGNR 0.273 0.100 10.937 
BAGNR 0.096 0.091 13.233 
TAGNR 0.034 0.084 13.572 

 

Figure 1. Cut-off frequency TFET multilayer AGNR 

and reduces quantum capacitance effects. BAGNR, with its 
moderate interlayer coupling, shows improved 
performance compared to MAGNR but remains lower than 
TAGNR. MAGNR exhibits the lowest cut-off frequency due to 
limited interlayer interactions and reduced density of 
states, resulting in lower transconductance and higher gate 
capacitance. 

Additionally, the threshold voltage tends to rise with 
increasing drain voltage, as depicted in Figure 3. This 
phenomenon is caused by the heightened potential barrier 
at the drain and enhanced gate-to-source coupling [31]. The 
threshold voltage shift is more pronounced in MAGNR 
compared to BAGNR and TAGNR due to the weaker 
electrostatic control in monolayer graphene. In contrast, 
TAGNR demonstrates better electrostatic integrity, leading 
to more stable threshold voltage characteristics under 
varying drain voltages. 

Although increasing the drain voltage enhances the cut-off 
frequency, it is crucial to avoid excessively high values, as 
this may induce undesirable ambipolar currents in the off-
state. To mitigate this risk, the drain voltage is maintained 
below the bandgap energy to prevent electron tunneling in 
 

   
(a) (b) (c) 

Figure 2. Effect of drain voltage on the cut-off frequency of the TFET: (a) MAGNR, (b) BAGNR, and (c) TAGNR
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Figure 3. Effect of drain voltage on the threshold voltage of the 
TFET multilayer AGNR 

the off-state. Exceeding the bandgap leads to the formation 
of a tunneling region at the channel-drain junction, 
increasing off-state leakage currents [32]. Moreover, higher 
drain voltages reduce the tunneling barrier, a phenomenon 
known as drain-induced barrier thinning (DIBT), which 
contributes to increased off-currents [33]. 

3.2. Effect of Channel Length 

The length of the channel was adjusted to 10 nm, 15 nm, 
20 nm, 25 nm, and 30 nm. Figure 4 illustrates that the cut-
off frequency increases as the channel length decreases. 
This is because the gate capacitance diminishes linearly 
with decreasing channel length. A shorter channel length 
results in a reduced cross-sectional area. With less charge 
contained in the channel, more charge reaches the drain as 
it travels a shorter distance through the channel. 
Additionally, when the channel length is decreased, 
especially when it matches the thickness of the gate 
insulator, electrons move faster toward the drain due to a 
short-channel effect. As a result, the gate capacitance 
decreases. 

Comparing MAGNR, BAGNR, and TAGNR, the cut-off 
frequency differs due to variations in interlayer coupling 
and carrier transport efficiency. MAGNR exhibits the 
highest cut-off frequency because of its minimal interlayer 
scattering and lower capacitance, resulting in faster charged  
 

transport. BAGNR shows moderate performance, with 
increased interlayer interactions slightly reducing electron 
mobility compared to MAGNR. TAGNR, having stronger 
interlayer coupling and higher capacitance, demonstrates 
the lowest cut-off frequency among the three, as the 
additional layers introduce more resistance to carrier flow. 

Channels that are 10 nm long are ideal for multilayer AGNR 
TFET because they have low resistance and capacitance, 
which can reduce delay. This short-channel effect can be 
further intensified by using a thinner dielectric thickness 
[34–36]. 

3.3. Effect of Thickness of Oxide Layer 

The thickness of the oxide layer was adjusted to 0.5 nm, 
1.0 nm, 1.5 nm, 2.0 nm, and 2.5 nm. Figure 5 illustrates that 
the cut-off frequency increases with an increase in the oxide 
layer thickness. Reducing the thickness of the oxide layer 
improves how the gate works, covering a wider range of 
energy and increasing the ability to store charge. The 
significant capacitance in a thin oxide layer leads to a lower 
cut-off frequency value. However, when the oxide layer 
thickness approaches or exceeds half of the channel length, 
a decrease in the cut-off frequency is observed [35, 37]. This 
happens because the gate voltage's electric field becomes 
less effective over longer distances. Consequently, there is a 
slight reduction in the channel's valence band, affecting the 
tunneling current, which becomes constrained by the 
narrower channel. 

The gate oxide layer helps connect the gate and channel 
through capacitance, controlling the drain current in the 
TFET. Increasing the oxide layer thickness reduces the 
electrons generated in the drain as the forbidden depletion 
layer for electron occupation expands, diminishing the 
chance for electron penetration. Thinner gate oxide layers 
are preferred to operate the TFET for better stability, as 
demonstrated in previous studies [38]. Therefore, an oxide 
layer with a thickness of 0.5 nm can be considered the 
optimal parameter for multilayer AGNR TFET. 

Comparing the effect of oxide thickness across MAGNR, 
BAGNR, and TAGNR TFETs reveals distinct behaviors. In 
MAGNR TFETs, the thinner oxide layer significantly 
enhances gate control due to stronger electrostatic  
 

   
(a) (b) (c) 

Figure 4. Effect of channel length on the cut-off frequency of the TFET: (a) MAGNR, (b) BAGNR, and (c) TAGNR
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(a) (b) (c) 

Figure 5. Effect of thickness of oxide layer on the cut-off frequency of the TFET: (a) MAGNR, (b) BAGNR, and (c) TAGNR

coupling, leading to higher cut-off frequencies. BAGNR 
exhibits moderate gate control, where the interlayer 
coupling introduces additional capacitance effects, slightly 
reducing the cut-off frequency compared to MAGNR. 
TAGNR TFETs, with more complex interlayer interactions, 
show the least sensitivity to oxide thickness variations, as 
the internal layers act as screening barriers, limiting the 
gate field's influence on the channel. This suggests that 
MAGNR TFETs are more suitable for high-frequency 
applications where oxide thickness optimization is critical, 
while TAGNR TFETs offer stability in performance despite 
oxide thickness variations. 

3.4. Effect of Width 

The width of the AGNR multilayer was varied to 1.353 nm, 
3.197 nm, 5.042 nm, 7.256 nm, and 9.100 nm. In electronic 
applications that require ultra-thin materials and 
nanometer-scale devices, varying the width of graphene 
nanoribbons (GNRs) allows the device to operate across 
different power and frequency ranges. The narrower the 
GNR, the larger the energy bandgap it produces, 
significantly affecting the switching speed and energy 
efficiency of. 

At larger widths, graphene approaches the properties of an 
intrinsic semiconductor without a bandgap, while at smaller 
widths, GNR behaves more like a semiconductor with a 
larger bandgap. A larger width for the multilayer AGNR 
leads to a decrease in the cut-off frequency. With an increase 
in the width of the multilayer AGNR, both the bandgap and 
effective mass decrease, resulting in a higher tunneling 
current [27]. A greater tunneling current leads to higher  
 

transconductance. Meanwhile, a large multilayer AGNR 
width will produce a large quantum capacitance [39], 
causing the cut-off frequency to decrease as the multilayer 
AGNR width increases. 

However, Figure 6 demonstrates that the lowest cut-off 
frequency value occurs when the width of the multilayer 
AGNR is 1.353 nm. This is because it's harder for electrons 
to move through the potential barrier when the bandgap of 
the multilayer AGNR is large, causing a decrease in the 
tunneling current. 

The threshold voltage decreases when the AGNR multilayer 
width increases, as shown in Table 3. Achieving the 
threshold voltage occurs through tunneling from one band 
to another across a thin dielectric layer. A smaller bandgap, 
coupled with a reduced effective carrier mass, enables 
higher tunneling efficiency. Decreasing the threshold 
voltage results in lower power consumption, as it requires 
less power supply [40]. Decreasing the width of the AGNR 
multilayer widens the bandgap, leading to a notable 
decrease in off-state current and a reduction in on-state 
current due to the diminished low-energy subband. Opting 
for an extremely narrow bandwidth may not be 
advantageous, as it could result in a lower on-state current 
[39]. Therefore, a multilayer AGNR with a width of 3.197 nm 
is the optimal bandwidth for multilayer AGNR TFET. 

The performance of multilayer AGNR TFETs is significantly 
influenced by the number of graphene layers. MAGNR 
exhibits the largest bandgap due to strong quantum 
confinement effects, leading to lower tunneling current and 
higher threshold voltage. Its high bandgap makes it suitable  
 

   
(a) (b) (c) 

Figure 6. Effect of width of multilayer AGNR on the cut-off frequency of the TFET: (a) MAGNR, (b) BAGNR, and (c) TAGNR
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Table 3. Effect of width of multilayer AGNR on the peak cut-off 
frequency of the TFET multilayer AGNR 

Material 
W 

(nm) 
N 

(atom) 
Eg 

(eV) 
Vg 

(V) 
F 

(THz) 

MAGNR 

1.353 12 1.019 0.103 2.979 

3.197 27 0.431 0.102 11.943  

5.042 42 0.273 0.100 10.397 

7.256 60 0.190 0.097 8.222  

9.100 75 0.151 0.095 6.900  

BAGNR 

1.353 12 1.331 0.103 0.496  

3.197 27 0.238 0.099 17.364  

5.042 42 0.096 0.091 13.233  

7.256 60 0.046 0.086 9.451  

9.100 75 0.029 0.084 7.505  

TAGNR 

1.353 12 1.740 0.107 0.033  

3.197 27 0.132 0.094 20.108 

5.042 42 0.034 0.084 13.573 

7.256 60 0.011 0.082 9.241 

9.100 75 0.006 0.082 7.304  

 
for ultra-low-power applications but limits high-frequency 
performance. BAGNR, on the other hand, shows a reduced 
bandgap compared to MAGNR, resulting in improved 
tunneling efficiency and higher on-state current. The 
interlayer coupling in BAGNR allows for more flexible 
bandgap tuning via external electric fields, making it 
suitable for balanced power and speed applications. TAGNR 
has the smallest bandgap among the three, which results in 
the highest tunneling current and the lowest threshold 
voltage. This configuration enhances transconductance and 
frequency performance but may increase leakage currents, 
thereby affecting energy efficiency. Understanding the 
trade-offs between these multilayer structures helps 
optimize TFET performance for specific electronic 
applications. 

3.5. Effect of Temperature 

The use of a temperature range from 100 K to 500 K in this 
study aims to evaluate the device's performance under 
various thermal conditions. In practical applications, 
semiconductor devices may operate across a wide range of 
temperatures, depending on the environment or specific 
application. 

At lower temperatures, phonon scattering decreases, 
potentially enhancing carrier mobility. Conversely, at 
higher temperatures, increased phonon scattering may 
reduce mobility, impacting the device's overall efficiency. As 
depicted in Figure 7, the cut-off frequency decreases as the 
temperature increases. This reduction is due to the greater 
deviation in the Fermi distribution at elevated 
temperatures, leading to a decrease in the disparity 
between the Fermi distribution of the source and the 
channel. As a result, the tunneling current decreases 
because it becomes more difficult for electrons to flow from 
the source to the channel. High temperatures lead to low 
transconductance and charge mobility [41]. Elevated 
temperatures result in increased kinetic energy for charges, 
leading to random motion that disrupts carrier paths, thus 
reducing mobility. This random motion reduces the 
mobility of charges. The decreased charge mobility slows 
down the speed of charges, resulting in a lower tunneling 
current, which in turn leads to a smaller cut-off frequency. 

When comparing MAGNR, BAGNR, and TAGNR, 
temperature effects differ due to variations in their 
electronic structures and interlayer interactions. MAGNR 
exhibits the highest sensitivity to temperature changes 
because of its strong quantum confinement and absence of 
interlayer coupling. As temperature increases, the 
reduction in carrier mobility is more pronounced, leading to 
a steeper decline in cut-off frequency. BAGNR demonstrates 
moderate temperature sensitivity, where the presence of 
interlayer coupling helps mitigate the impact of phonon 
scattering to some extent, providing better stability in cut-
off frequency compared to MAGNR. The bandgap tunability 
in BAGNR also influences its thermal response. TAGNR 
shows the least sensitivity to temperature variations due to 
stronger interlayer interactions and a more complex band 
structure that provides additional pathways for charge 
carriers. This structure maintains relatively higher carrier 
mobility at elevated temperatures, resulting in a more 
stable cut-off frequency compared to MAGNR and BAGNR. 

As shown in Figure 8, the threshold voltage increases with 
temperature. Electrons can surpass the potential barrier 
when their energy exceeds the thermal energy threshold. At 
higher temperatures, electrons require more energy to 
overcome the potential barrier. Additionally, some 
electrons positioned slightly below the Fermi energy gain 
sufficient energy to transition to levels above the Fermi  
 

   
(a) (b) (c) 

Figure 7. Effect of temperature on the cut-off frequency of the TFET: (a) MAGNR, (b) BAGNR, and (c) TAGNR
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Figure 8. Effect of temperature on the threshold voltage of the 
TFET multilayer AGNR 

energy, reducing the probability of finding electrons at 
energy levels lower than the Fermi level compared to low-
temperature conditions. 

4. CONCLUSION 

The cut-off frequency increases with the gate voltage until 
it reaches a peak, after which it decreases. The impact of 
drain voltage and oxide thickness on the cut-off frequency 
are directly proportional. Conversely, the effects of channel 
length, multilayer AGNR width, and temperature are 
inversely related to the cut-off frequency. Trilayer AGNR 
TFET exhibits a superior cut-off frequency compared to its 
bilayer and monolayer counterparts. 
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