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Abstract
Graphene-based transistors are suitable candidates for overcoming the scaling problems of Si-based devices in radio frequency 
(RF) applications and nanoscale devices. The graphene nanoribbon (GNR) is a one-dimensional member of graphene-based 
materials which possesses the superior properties of  graphene. The crucial demands in device technology, particularly the 
need for high-speed performance, have led to the selection of GNR field-effect transistor (FETs) as a solution for addressing 
and overcoming scaling issues. In the present work, the cutoff frequency, time delay, and I–V characteristics of GNR-based 
FETs are investigated as indispensable parameters for transistor speed, and their impact on the design and implementation of 
GNR-based FETs is explored. GNRs are employed in the channel region of metal–oxide–semiconductor FETs to numerically 
and analytically investigate the cutoff frequency and time delay, which are critical for high-speed switching performance. The 
Y-parameter in unity current gain magnitude (0 dB) within the quasi-static approximation is used in the model. Results show 
that increased delay time is associated with reduced channel conductance and corresponding decrease in cutoff frequency. 
Conversely, high-frequency operation is achieved at low drain–source voltage with small delay times and enhanced channel 
conductance. In addition, the small output conductance enables Early voltage reduction, leading to a significantly improved 
voltage gain as confirmed by the I–V characteristics. The proposed model demonstrates good agreement with conventional 
device behavior, validating its accuracy and applicability. Additionally, a comparison of the armchair GNR (AGNR) and 
zigzag GNR (ZGNR) channels shows that ZGNRs maintain stable current and cutoff frequency with minimal chirality and 
length effects, while AGNRs exhibit chirality-dependent reductions in current and increased cutoff frequency. This highlights 
ZGNRs’ stability and AGNRs’ sensitivity for future nanoscale device applications.
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Introduction

In recent decades, the perfect potential and performance 
of graphene-based field-effect transistors (GFET) in radio 
frequency (RF) applications has attracted considerable 
research attention; however, poor voltage gain is a limiting 
factor in their utilization in RF electronics.1 The transcon-
ductance gm and the output conductance gd (the inverse of 
the transistor’s output resistance) define the voltage gain 
as gm∕gd . The transconductance in graphene is small (up 
to 5.9 mS/μm), and the weak current saturation obtains 
comparable gd and insignificant voltage gain. Therefore, it 

has been a major challenge in GFETs to increase gain in 
constant gm by decreasing gd.2 The small bandgap in gra-
phene results in reduced output conductance and solves the 
voltage gain challenges.2,3 Moreover, a decrease in the out-
put conductance also improves the thermal stability of the 
graphene-based RF circuit.4 Bilayer graphene GFETs have 
been reported in order to obtain GFETs with a large gain in 
voltage AV.2 Additionally, for investigation of RF applica-
tions, key parameters or figures of merit (FOMs) include the 
transconductance (gm), intrinsic capacitance (Cgs and Cgd), 
and cutoff frequency (fT), in addition to large-signal FOMs 
such as the power gain (GP), power-added efficiency, and 
output power (POUT).5 Recently, a new performance bench-
mark was reported for flexible carbon nanotube (CNT)-
based RF metal–oxide–semiconductor field-effect transistors 
(MOSFETs), achieving current gain and power gain cutoff 
frequencies both exceeding 100 GHz, demonstrating their 
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potential for high-performance flexible RF applications.17 
Another study reported MOSFETs based on a range of CNT 
films exhibiting cutoff frequencies beyond 1 THz for devices 
with a gate length of 80 nm, while transistors with reduced 
gate length of 35 nm revealed an extrinsic cutoff frequency 
of up to 551 GHz in sixth-generation wireless communi-
cations applications.18 Digital and analog applications face  
continual demand for the development of faster electronic 
devices. Therefore, researchers have attempted to quantify 
the working of fast FETs over various FOMs. Unfortunately, 
a unique FOM for quantifying the speed has not yet been 
found. The maximum oscillation frequency fmax and the cut-
off frequency fT are the main FOMs. These parameters are 
important factors in the transition of frequency from ampli-
fication to diminution.6 When the drain and gate current 
become the same or when the current gain is equal to 0 dB, 
the cutoff or 3 dB frequency fT is defined.7–9 In other words, 
fmax is the frequency in the 0 dB power gain.10 Scaling prob-
lems with silicon complementary metal–oxide–semicon-
ductor (CMOS) technology has limited the development of 
devices such as NMOS and PMOS transistors. Therefore, the 
poor stability of silicon below 10 nm has led to the search for 
materials as an alternative to silicon. Graphene and its deriv-
atives are excellent alternative candidates. Graphene FETs 
have emerged as the next generation of devices due to their 
superior properties over traditional silicon-based transistors. 
Advantages include low-cost fabrication and the potential 
for high-speed and low-power operation, as well as higher 
electron mobility, higher on/off ratio, and excellent device 
stability.11 In the present work, fT is modeled to quantify the 
speed of nanoscale FETs based on a graphene nanoribbon 
(GNR) channel with  few-nanometer dimensions for digital 
or analog terahertz (THz) applications and appropriate FOM 
parameters in radio frequency (RF) applications. Therefore, 
the linear frequency which is obtained for the Y-parameter 
when the current gain magnitude drops to unity (0 dB) is 
modeled. The expression of this intrinsic cutoff frequency 
within the quasi-static approximation6 is obtained for the 

GNRFET by the GNR channel. Finally, a comparative analy-
sis of I–V characteristics and cutoff frequency in armchair 
(armchair) (n, n) and zigzag (zigzag) (n, 0) GNR chan-
nels reveals distinct chirality-dependent behaviors. Zigzag 
GNRs (ZGNRs) exhibit stable, nearly constant current with 
minimal variations, reflecting semiconductor-like behavior, 
whereas armchair GNRs (AGNRs) show a notable decrease 
in current and significant fluctuations in cutoff frequency 
with increasing chirality. These results emphasize the supe-
rior stability of ZGNRs and the chirality-sensitive response 
of AGNRs, highlighting their potential for complementary 
roles in high-frequency and nanoscale electronic devices and 
in RF applications.

Model

The intrinsic cutoff frequency is achieved for the common-
source structure of the FET as shown in Fig. 1b. In the two-
port network model of Fig. 1c, the relationship between the 
Y-parameter matrix and the voltage phasors Vm(�) and cur-
rent phasors Im(�) is expressed as6

where F{… .} is the Fourier transform and ω is the angular 
frequency.

where Ymn(�) yields

 

(1)
Vm(�) ≡ F

{
Vm(�) − Vm(�)

}
, Im(�) ≡ F

{
Im(�) − Im(�)

}

(2)
[
I1(�)

I2(�)

]
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[
Y11(�) Y12(�)

Y21(�) Y22(�)

][
V1(�)

V2(�)

]
,

(3)Ymn(�) =
ΔIm

ΔVn

+
j�

ΔVn
∫

�d

0

(ISm(t) − Im(�d))e
−j�t

�t.

Fig. 1   (a) Schematic of GNRFET transistor by GNR zigzag axis channel. (b) Transistor circuit for cutoff frequency.
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According to the cutoff frequency definition, the current 
gain drops to zero or 0 dB.6,9 Also,

The cutoff frequency within the quasi-static approxima-
tion (e−j�t = 0) is found by calculating the term Y21 from 
(3) as

The term Y11(� ) is obtained for the zero-order approxi-
mation(e−j�t = 1) from (3) as

Therefore, the current pulse wide �d based on the quasi-
static assumption is sufficiently short to neglect any modifi-
cation factor of the drain current. Thus, the cutoff frequency, 
as explained, is obtained from (5) and (6) as

During the transient evolution or quasi-static approxima-
tion, ∆Q1 ≈ ∆Q2 is assumed, and hence

Assuming that ΔQ1 ≈ ΔQ2 ≅ ΔV1.C1 and from (8), we 
can obtain6

Therefore, fT =
1

2��d
 , where the intrinsic delay time is �d . 

This means that the intrinsic delay time is much greater than 
the time-based or temporal width of the current pulse created 
by one electron �p ( �d > �p) , although in short-channel FET 
transistors, a time-dependent electric field is generated by 
moving an electron along the channel without even passing 
the drain and source contact surfaces and so on ( �d ≅ �p).7 
Consequently, in the present work, the assumption �d ≅ �p 
can be accepted which included nanoscale FET devices 
based on GNRs with the nanoscale channel.

The model of the conductance using the Landauer for-
mula for the GNR is considered as12

(4)
||||
Y21(�)

Y11(�)

|||| ≡ 1 ≡ h21(� = 2�fT ).

(5)Y21(�) ≡ ΔI2

ΔV1

≡ �I2
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ΔI1
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(7)fT =
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2�Cgs

.

(8)ΔQ1 ≈ ΔQ2 ≡ �
�d
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(I2(t) − I2(�d))�t ≡ ΔI2.�d.

(9)gm ≡ �I2

�V1

≡ ΔI2

ΔQ1

ΔQ1

ΔV1

≡ Cgs

�d
.

(10)G =
−q2

hL
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�
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2
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where kB is the Boltzmann constant, q is the charge, the 
carbon–carbon (C–C) bond length is ac−c = a = 1.42A◦ , the 
tight binding overlap energy of the nearest neighbor is 
t = 2.7ev, T is the local temperature, β is the wave vector,15 h is 
the Planck constant, ℑi(�) is the  Fermi integral of order i , and 
� is the normalized energy which is equal to � =

qV

kBT
 , where V  

is the applied voltage between two electrodes.12 The effective 
mobility from the Drude model ( μeff =

GL

ngq
 ), ng = 7 × 107,13 is 

given by

In addition, the carrier concentration N in the parabolic 
band structure of graphene is given by

where m⋇ is the effective mass. The intrinsic delay time or 
charge carrier delay �d is the relaxation time, which is equal to 
� =

m∗

2�e
� , where e is the electron charge, and from fT =

1

2��d
 

we can obtain the cutoff frequency of the transistor by

Therefore, by replacing the carrier concentration and the 
conductance model in Eq. 13, we obtain

From Eq. 7, gm = 2�CgsfT is considered as

Also, from Eq. 9, �d  is obtained as

The amount of charge in the channel depends on the 
gate–source voltage ( q = CgsVgs =

I

t
 ); therefore, the current 

density between the drain and source is Jsd =
I

A
=

�dCgsVgs

A
 , 

when the carrier delay time is equal to t = �d . By considering 
Eq. 16, the drain source equation can be obtained as
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The channel current density is modeled based on the 
intrinsic parameters of the GNR. As illustrated in Fig. 2a, 
an increase in the gate–source capacitance enhances the 
channel current ( 

(
I = Jsd∕A

)
 ). However, this increase also 

leads to a reduction in the Early voltage ( VA ∝ gd ), which 
consequently increases the current gain while decreasing the 
output resistance. This trade-off negatively affects the volt-
age gain in RF applications. To maintain a high voltage gain, 
a proper balance between the gate–source voltage Vgs and 
the Early voltage must be achieved. As a result, the output 
resistance increases slightly at lower gate–source voltages. 
Furthermore, enhancing the gate voltage promotes a higher 

(17)

Jsd =
�dCgsVgs

A
=

m∗qCgsVgs

2A�e hng

⎛
⎜⎜⎝

�
3atkBT

�

⎞
⎟⎟⎠

�
ℑ−

1

2

(�) +ℑ−
1

2

(−�)
�
.

channel current for a constant gate–source capacitance. At 
low gate voltages, channel pinch-off occurs, where the drain 
current approaches zero while the voltage gain reaches its 
maximum. These findings define the characteristic behavior 
of high-performance GNRFETs and validate the analytical 
model proposed in this study.

As is well established, an increase in gate–source capaci-
tance results in a reduction in the cutoff frequency, as indi-
cated by Eq. 7. Correspondingly, Fig. 2c and d demonstrates 
that a higher gate–source capacitance enhances channel con-
ductance due to an increase in carrier delay (intrinsic time) 
within the channel. For a constant delay time, the channel 
conductance is greater at higher gate–source capacitance 
values than at lower values. This observation underscores 
the critical role of Cgs by extension of the oxide thickness—
in determining both the delay time and carrier concentra-
tion. Conversely, smaller capacitance values enable higher 

Fig. 2   The variation in the I–V characteristic by (a) gate and source 
capacitor ( 3.3pf ≤ Cgs ≤ 100pf  ) and (b) gate–source voltage 

0.1V ≤ Vgs ≤ 3V  . (c) The variation in delay time by channel conduct-
ance and Cgs . (d) The variation in cutoff frequency with changes in 
channel voltage and Cgs.
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cutoff frequencies and faster GNRFET operation but at the 
expense of reduced channel conductance and lower voltage 
gain. Moreover, an increased drain–source bias ( Vds ​) can 
further degrade the cutoff frequency, particularly in devices 
with low Cgs , emphasizing the importance of balancing 
capacitance, operating speed, conductivity, and voltage gain 
in GNRFET design.

The impact of temperature on the cutoff frequency is illus-
trated in Fig. 3 for the range 25 mev ≤ KBT ≤ 50 mev . As 
observed, the cutoff frequency decreases with increasing tem-
perature, indicating that the carrier delay time becomes longer 
at higher temperatures. Consequently, elevated temperatures 

lead to an increase in intrinsic carrier delay, which accounts for 
the reduction in channel conductance and the corresponding 
decline in cutoff frequency. Nevertheless, as shown in Fig. 2a, 
an increase in temperature can also enhance channel conduct-
ance despite the reduction in delay time, revealing a complex 
trade-off among conductance, delay, and cutoff frequency in 
GNRFET devices.

A comparison between the proposed analytical model 
and previously reported simulation results is presented in 
Fig. 4a. The I–V characteristics of the model are plotted for 
Cgs = 3.3pf  and Vgs = 0.5, 1 , and 1.5 V, with the source–drain 
voltage varying from 0 to 2 V for a channel length of 20 nm. 
Furthermore, Fig. 4b illustrates the comparison between the 
proposed model and experimental data for VDS = 0.1V   and 
0.6 ≤ Vgs ≤ 1.4 , demonstrating strong agreement and validat-
ing the model’s accuracy. Accordingly, the linear frequency 
model derived from the Y-parameter at unity current gain mag-
nitude (0 dB) within the quasi-static approximation is obtained 
for the GNRFET based on a GNR channel. As discussed ear-
lier, the cutoff frequency plays a crucial role in high-frequency 
transistor applications, such as GNRFETs, which are promis-
ing candidates for addressing scaling challenges and for use in 
nanoscale electronic devices.

The chirality number n is an important parameter in choos-
ing the GNR type. There are two types of ribbon, where the 
edge configuration determines the type of ribbon. As shown 
in Fig. 5, by considering the c–c atomic band distance equal to 
a = 0.142 nm and for chirality number (n), the channel length 
(ribbon) for AGNR and ZGNR is equal to 3a(n) and 

√
3a(n) , 

respectively. The wave vector β is defined as15 
Fig. 3   Variation in cutoff frequency by channel voltage , constant  
Cgs , and temperature change effect by 25mev ≤ KBT ≤ 50mev.

Fig. 4   A The comparison of model I–V characteristics by simulation 
of a similar work model 6 in the Cgs = 3.3pf  and for Vgs = 0.5,1, 1.5V  
in the source and drain voltage variation between 0 and 2 V in the 20 

nm channel length. (b) Comparison of model (I–Vgs) characteristics 
by experimental device in 20 nm.14
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where n is the chirality number and p = 1,2,3,… p 
is an integer;n = 3p is for metallic armchair GNR and 
n = 3p + 1 and 3p + 2 for semiconductor armchair GNR.16 
By substituting Eq. 18 in Eqs.  17 and 14, the chirality num-
ber effect is investigated. The I–V characteristics and cutoff 
frequency as a function of voltage for AGNRs with chirality 

(18)� =
2�

a
√
3

� p

n + 1
−

2

3

�
,

index n = (p = 1,2,3,...), under a voltage range of 0–3 V, are 
shown in Fig. 6a and b. As can be seen, increasing the chi-
rality number leads to a decrease in current, while the cut-
off frequency increases. This indicates that with increasing 
channel length, both the cutoff frequency and bandwidth 
increase. Such behavior occurs when the channel exhibits 
metallic properties, although materials exhibiting metallic 
behavior are probably not suitable for channel applications. 
Similarly, Fig. 7a and b shows the I–V characteristics and 

Fig. 5   The transistor channel based on the edge configuration [armchair (n, n) or zigzag (n, 0)]. By considering the c-c atomic distance equal to 
a = 0.142 nm and for chirality number (n), the channel length (ribbon) for AGNR and ZGNR is equal to 3an and 

√
3an , respectively.

Fig. 6   (a) The I–V characteristic and (b) cutoff frequency by voltage, plotted for AGNR by n = 3p (p = 1,2,3,…) and voltage variation in the 
range of (0–3 V).(Cgs = 3.3pf and Vgs = 1 V).
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cutoff frequency for ZGNRs with n = 3p + 1 (p = 1,2,3,...) 
in the same voltage range (0–3 V). In this case, the current 
remains nearly constant, with negligible variations, as the 
chirality increases. For n = 3p + 1, AGNRs behave as semi-
conductors, showing more variation than ZGNRs. Conse-
quently, the variation in current and cutoff frequency for 
ZGNRs are negligible and opposite to the trends observed 
in AGNRs.

A comparison of the AGNR and ZGNR in the same 
chirality number is plotted in Fig. 8. In Fig. 8a and b, a 
comparison of the I–V characteristics for n = 17 and n = 10 
shows that the variation in the zigzag is negligible and can 
be ignored, while in the AGNR, an increase in the chiral-
ity number leads to a decrease in current greater than that 
in the ZGNR. Figure 8c and d show the cutoff curves ver-
sus the voltage variation in the range of (0–3 V), where the 
variation in the cutoff in the AGNR is greater than ZGNR 
with the decrease in chiralty, whereas the cutoff frequency is 
increased with the increase in chirality, as plotted in Fig. 8.

In the final step, the I–V characteristics and cutoff fre-
quency as a function of voltage are analyzed. For ZGNR 
with n = 3p + 1 (p = 1,2, 3,…) in the range of 0–3 V (Fig. 8a 
and b), the current remains nearly constant, with negligi-
ble variation, maintaining consistent metallic behavior. 
For n = 3p + 1, AGNRs exhibit semiconductor-like behav-
ior, with smaller variations than ZGNRs because of edge-
dependent properties. Thus, changes in the current and cutoff 
frequency for ZGNR are negligible and opposite to AGNR. 
A comparison between AGNR and ZGNR (Fig. 8) shows 
that, for n = 17 and n = 10, ZGNR maintains stable current 

while AGNR shows a clear decrease as chirality increases. 
Moreover, Fig. 8c and d illustrates that AGNR exhibits a 
larger variation in cutoff frequency, which increases with 
chirality number, unlike ZGNR.

In this work, an analytical investigation of GNRFETs 
is presented, focusing on the modeling of delay time, cut-
off frequency, and I–V characteristics under varying bias 
and capacitance conditions. The findings indicate that the 
intrinsic delay is strongly dependent on the channel con-
ductance, while a reduction in output conductance and an 
increase in Early voltage enhance the RF voltage gain. The 
proposed analytical models are validated through numeri-
cal simulations, demonstrating strong agreement with 
experimental data. Moreover, the comparative analysis 
reveals that ZGNR-based devices exhibit stable current 
and cutoff frequency characteristics, with minimal sen-
sitivity to chirality, whereas AGNR-based devices show 
pronounced chirality-dependent variations. These results 
highlight the superior stability of ZGNRs due to their 
inherently metallic nature and the enhanced frequency sen-
sitivity of AGNRs, making them promising candidates for 
nanoscale high-frequency electronic applications.

A comparison between AGNR and ZGNR structures 
with identical channel lengths is presented in Fig. 9a, cor-
responding to n = 17 and n = 9 for L = 4 nm, respectively. 
Similarly, Fig. 9b illustrates the comparison for n = 21 and 
n = 41 at L = 10 nm. The channel lengths were determined 
based on Fig. 5 and the established relationship between 
the chirality index and channel length. As depicted in 
the figures, increasing the channel length results in a 

Fig. 7   (a) The I–V characteristic and (b) cutoff frequency by voltage, plotted for ZGNR by n = 3p + 1 (p = 1,2,3,..) and voltage variation in the 
range of (0–3 V). (Cgs = 3.3pf and Vgs = 1 V).
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noticeable reduction in current for AGNR, whereas the 
variation for ZGNR remains relatively minor. Comparable 
behavior can also be observed when analyzing the influ-
ence of chirality variation in Fig. 8. Overall, Fig. 9 indi-
cates that the increase in channel length leads to a reduc-
tion in the I–V characteristic variations of both AGNR and 
ZGNR, primarily due to the diminishing contribution of 
quantum confinement effects.

Recently, increasing attention has been devoted to FET 
transistors that utilize one-dimensional carbon-based 

channels such as GNRs, graphene nanoscrolls, and related 
nanostructures. In this work, an analytical investigation 
of the cutoff frequency in GNR-based FETs is presented. 
GNRFETs are proposed as promising candidates for RF 
and high-speed applications, addressing scaling limitations 
through the evaluation of key FOMs, including delay time, 
channel conductance, output conductance, and Early volt-
age. Analytical models are developed for delay time, cutoff 
frequency, and I–V characteristics under varying gate–source 
voltages and capacitance conditions. The results show that 

Fig. 8   Comparison between AGNR and ZGNR structures with 
identical chirality numbers. (a, b) The comparison for n = 17and 
n = 10 illustrates that the variation in current for ZGNR is negli-
gible, whereas an increase in the chirality number results in a more 
pronounced current reduction in AGNR. (c, d) The cutoff frequency 

as a function of applied voltage (0–3 V) shows that the variation in 
the cutoff behavior is more significant in AGNR than in ZGNR. Fur-
thermore, the cutoff frequency in AGNR increases with the chirality 
number, indicating its stronger dependence on the edge configuration.



2227Chirality‑Dependent Cutoff Frequency and I–V Characteristics in Graphene Nanoribbon‑Based…

a large intrinsic delay is directly linked to reduced channel 
conductance, which limits switching speed, while a decrease 
in output conductance associated with a lower Early voltage 
enhances the voltage gain in RF applications. The I–V char-
acteristics further confirm that low Early voltage occurs at 
small gate–source voltages, whereas higher supply voltages 
result in reduced output conductance and improved voltage 
gain. Numerical simulations demonstrate strong agreement 
with experimental data, validating the accuracy and appli-
cability of the proposed model. Additionally, a comparison 
of I–V characteristics and cutoff frequency with respect to 
chirality number and length is carried out for AGNR and 
ZGNR channels. In ZGNRs, the current remains nearly 
constant, with negligible variation, indicating metallic-
like behavior with much smaller fluctuations than AGNRs. 
Consequently, changes in current and cutoff frequency for 
ZGNRs are minimal and opposite to those observed in 
AGNRs. In contrast, AGNRs display a significant reduction 
in current as chirality increases, along with larger variations 
in cutoff frequency, which increase with chirality number. 
These findings highlight the superior stability of ZGNRs and 
the chirality-dependent sensitivity of AGNRs, underscoring 
their distinct roles in future high-frequency and nanoscale 
device applications.
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