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nanoribbons FET based on TB-NEGF method
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Abstract. Graphene nanoribbons (GNRs) are considered a promising alternative to graphene for future nanoelectronic
applications. However, GNRs-based device modeling is still at an early stage. This research models the electronic properties of
n-doped rough-edged 13-armchair graphene nanoribbons (13-AGNRs) and quantum transport properties of n-doped rough-
edged 13-armchair graphene nanoribbon field-effect transistors (13-AGNRFETS) at different doping concentrations. Step-up and
edge doping are used to incorporate doping within the nanostructure. The numerical real-space nearest-neighbour tight-binding
(NNTB) method constructs the Hamiltonian operator matrix, which computes electronic properties, including the sub-band
structure and bandgap. Quantum transport properties are subsequently computed using the self-consistent solution of the two-
dimensional Poisson and Schrodinger equations within the non-equilibrium Green’s function method. The finite difference
method solves the Poisson equation, while the successive over-relaxation method speeds up the convergence process.
Performance metrics of the device are then computed. The results show that highly doped, rough-edged 13-AGNRs exhibit a
lower bandgap. Moreover, n-doped rough-edged 13-AGNRFETs with a channel of higher doping concentration have better gate
control and are less affected by leakage current because they demonstrate a higher current ratio and lower off-current.
Furthermore, highly n-doped rough-edged 13-AGNRFETSs have better channel control and are less affected by the short channel
effect due to the lower value of subthreshold swing and drain-induced barrier lowering. The inclusion of dopants enhances the
on-current by introducing more charge carriers in the highly n-doped, rough-edged channel. This research highlights the
importance of optimizing doping concentrations for enhancing GNRFET-based device performance, making them viable for
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applications in nanoelectronics.
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1. Introduction

Continuous scaling of the transistor under Moore’s law
has caused the short-channel effect in a silicon-based field-
effect transistor (FET). Thereby, it becomes essential to find
an alternative nanomaterial to substitute silicon as the
channel of a transistor. The discovery of single layer stable
sheet of graphite, known as graphene, has been hailed as
one of the alternative materials for the electronic devices in
the future (Novoselov et al. 2004). However, graphene is a
zero bandgap nanomaterial; and hence, it is not suitable to
be used as a material to build digital devices for switching
application. Narrow strips of graphene or in short, graphene
nanoribbons (GNRs) possess similar extraordinary electrical
and mechanical properties; and interestingly these nano-
ribbons have sizeable bandgaps. Most of the recent research
works have been focusing on GNRs (Guseinov et al. 2016,
Zenkour 2016, Bouadi et al. 2018). There are two major
edged shapes for GNRs, which are armchair GNRs
(AGNRs) and zigzag GNRs (ZGNRs) (Son et al. 2006).
ZGNRs are always semimetallic since bandgap is absent;
hence it is not suitable to be employed as the channel of the
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transistor, whereas the electronic properties of AGNRs
could be changed, depending on their widths. For the
widths within 3p and 3p+1 families, AGNRs are semi-
conducting; and otherwise, they are either metallic or semi-
metallic. The semiconducting AGNRs channel can be used
in FET as bandgap presents, and thus, suitable for digital
applications.

In this paper, the electronic and quantum transport
properties of pristine GNRs are modelled and simulated
under varying widths and lengths. Since the state-of-the-art
patterning technique is far from achieving atomic-scale
precision, it is almost impossible to fabricate smooth-edged
GNRs. Many previous works had concluded that line edge
roughness defect would degrade the performance of the
nanomaterial and the device. Therefore, dopants are
substituted inside the rough-edged channel in this work to
improve the performance of the GNRFETSs because doping
can improve the performance of the device as more
majority carriers are introduced. As such, this work is
carried out to explore the doped rough-edged GNRFETSs
with varying doping concentration.

2. Literature review

In 1997, Datta used finite differences method, discretizing
spatial coordinates and allowing differential equations
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converted to their matrix forms to model the mesoscopic
systems (Datta 1995). This concept had been widely used to
model different types of nanostructure such as carbon
nanotube, graphene, GNRs and others. Atomically defined
GNRs heterojunctions had successfully been fabricated, and
heterojunctions had also been prepared through a late-stage
functionalization of chevron GNRs obtained from a single
precursor (Nguyen et al. 2017). The fabrication of GNRs
heterojunctions and heterostructures by combining pristine
hydrocarbon precursors with their nitrogen-substituted
equivalents had also been reported (Cai et al. 2014).

In 2015, Chen et al. had synthesized width-modulated
AGNRs heterostructures and concluded that bandgap
engineering might be achieved by varying the width of
covalently bonded segments within the AGNRs (Chen et al.
2015). In 2018, Dass et al. utilized the tight-binding (TB)
method to simulate the electronic properties and bandgap of
ideal GNRs (Dass 2018). Moreover, our previous work had
modelled the electronic properties of GNRs with line-edge
roughness doped with nitrogen and boron (Wong et al.
2020c), where we had also compared the electronic
properties between the pristine GNRs and doped rough-
edged GNRs. The previous research had concluded that the
line-edge roughness effect causes bandgap reduction. In
addition, it was also found that p-type doping decreases the
bandgap further than n-type doping. However, the effect of
different doping concentration on the electronic properties
of doped rough-edged GNRs had been neglected.

After the discovery of GNRs, extensive studies have
also been performed on the device level. In 2007, the real
space TB Hamiltonian operator matrix and self-consistent
Poisson and Schrodinger equations with open boundary
conditions within the non-equilibrium Green’s function
(NEGF) method were employed to model rough-edged
GNR field-effect transistors (GNRFETs) (Fiori and
lannaccone 2007). A subthreshold swing of 64 mV/dec was
reported for a GNRFET with a channel width of 1.37 nm
and a drain-to-source voltage (Vps) of 0.1 V, indicating
good gate control. At Vps=0.5V, the subthreshold swing
degraded to 191 mV/dec due to hole-induced barrier
lowering (HIBL).

In the same year, the density functional theory-based
real-space and NEGF approach was used to investigate the
transport properties of AGNRFET with edge substitution of
nitrogen or boron dopant (Huang et al. 2007). It was
demonstrated that that nitrogen-doped GNRFETs exhibited
an on-current (lon) of approximately 1 uA and a minimum
off-current (lorr) of approximately 1.2x107 pA, resulting
in a high on/off current ratio of more than 2000.

In 2010, the Dirac TB approach and self-consistent
solution of NEGF and quasi-two-dimensional Poisson
solver based on the Dirac equation model were utilized to
study the effect of different widths and doping
concentrations at the contacts on GNRs tunneling FET
(Lam et al. 2010). It was found that the device performance
varied significantly with ribbon width and doping
concentration. For example, a GNR width of 1.2 nm
exhibited an on-current (lon) of 3.29 mA/mm and an off-
current (lore) of 7.55x10°% mA/mm, resulting in an lon/lorr
ratio of approximately 4.36x10°and a subthreshold swing
(SS) of 43 mV/dec. Increasing the doping concentration at

the source improved lon, while lowering the doping
concentration at the drain decreased lorr.

NEGF formalism combined with first-principles
calculation were used to investigate the thermal, electrical
and thermoelectric properties in epoxy and hydroxyl groups
passivized on ZGNRs’ edge (Gao et al. 2018). In 2019, four
different GNRs-based PN-junctions were designed by
doping, and boron-nitrogen doped GNRs-based junctions
show little rectification behaviours (Fu et al. 2019).

In 2020, our previous work had proposed the real space
nearest-neighbour tight-binding (NNTB) method and self-
consistent solution of two dimensional Poisson and
Schrodinger equation within the NEGF method and
successive over-relaxation method to study the quantum
transport properties of pristine armchair GNRFETs under
varying widths and lengths of the channel (Wong et al.
2020d). We reported that for a pristine 13-AGNRFET with
a channel length of 5 nm, the subthreshold swing was
141.98 mV/dec, DIBL was 92.45 mV/V, on-current was
7.41x1077A, off-current was 2.42x107° A, resulting in an
on/off current ratio of 306, and a threshold voltage of 0.26
V. Our previous research had also been extended further by
comparing the quantum transport properties of armchair
GNRFETs with metal contact between the pristine and
doped rough-edged channel at varying channel widths
(Wong et al. 2020b).

Meanwhile, Baildya et al. modelled and simulated a p-n
junction device made of AGNRs incorporating boron/
nitrogen doping as well as defects via first-principle
calculations based on density functional theory and NEGF
approach, where they summarised that doping and defects
could lower bandgap compared to pristine GNRs, with
nitrogen doping, leading to the smallest bandgap and the
highest current when compared with boron doping (Baildya
et al. 2020).

In 2020, the use of TVS via Lauritsen-Millikan (LM)
and Fowler-Nordheim (FN) plots was discussed to identify
resonance and saturation points in electronic devices
(Santos et al. 2020). These methods, along with
rectification rate analysis, could provide additional insights
into the electronic properties of GNRFET devices by
analyzing asymmetry and enhancing understanding of
doped GNRs. The influence of hydrogenation, width, and
strain effects in Me-graphene devices, highlighting
significant maodifications in electronic properties, was
explored (Sampaio-Silva et al. 2022). The electronic
transport properties of armchair graphene nanoribbons
(AGNRs) within 3p-1, 3p, and 3p+1 families were
examined. The study found that doping with boron nitride
can improve electron transport for both zigzag and armchair
conformations, with elastic transport making the main
contribution to current and conductance (Sampaio-Silva et
al. 2020).

Recent studies have noted the importance of considering
various scattering mechanisms and strain effects on the
performance of FETs. For example, phonon scattering can
significantly influence the electronic transport properties, as
demonstrated in studies involving MoS2 FETSs. It was found
that the ballistic current is reduced by 43.7% for a channel
length of 10 nm and 31.8% for a channel length of 6 nm due
to phonon scattering. The current reduction was 40.9% at
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Fig. 1 Atomic structure of doped rough-edged 13-AGNRs with a doping concentration of (a) 0.02, (b) 0.04 and (c) 0.06

per carbon atom. Red dots represent nitrogen dopants, while black dots represent carbon atoms.

200 K and 45.9% at 500 K, with the current at 500 K being
76.4% higher than at 200 K (Chin et al. 2023). While this
work does not consider phonon scattering and strain effects,
these factors are worth investigating in future studies to
further understand their impact on the performance of
GNRFETs

The versatility of the NEGF method in handling various
lattice potentials, including bilayer graphene, demonstrates
its capability in studying quantum transport properties. This
adaptability enables a precise description of electronic
characteristics, as evidenced by a recent study on AB-
stacked bilayer graphene. The study quantified the
dispersion relation, DOS, and transmission coefficients for
zigzag and armchair variants. It revealed a bandgap of
approximately 0.25 eV for zigzag bilayer graphene.
Significant differences in the transmission spectra were
observed based on the stacking configuration, providing
valuable insights into their transport properties (Poobalan et
al. 2024).

Limitations and weaknesses from previous research
define the scope of this work. Therefore, this work employs
the numerical real space NNTB method to model the
electronic properties of n-doped rough-edged 13-AGNRs at
different doping concentration such as 0.02, 0.04 and 0.06
per carbon atom. The electronic properties including the
sub-band structure and bandgap, are simulated from the
Hamiltonian operator matrix of n-doped rough-edged 13-
AGNRs. Besides that, this work also simulates the quantum
transport properties of n-doped rough-edged 13-AGNRFETSs
at different doping concentration via the self-consistent
solution of two-dimensional Poisson and Schrodinger
equation within the NEGF method and successive over-
relaxation method. The outputs of the quantum transport
properties include the total density of state (DOS) of the
device, transmission coefficient and various current-voltage
characteristics curve. Next, the performance metrics of the
devices are computed and compared among devices of
different channel doping concentrations, namely the
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subthreshold swing (SS), drain-induced barrier lowering
(DIBL), on-current, off-current, on/off current ratio, and
threshold voltage.

3. Research methodology

In this research, the numerical real space NNTB method
is utilized to construct the Hamiltonian operator matrix for
n-doped rough-edged 13-AGNRs and 13-AGNRFETSs. Fig.
1 shows the atomic structure of n-doped rough-edged 13-
AGNRs with the doping concentrations of 0.02, 0.04 and
0.06 per carbon atom. The positions of the dopants at each
concentration are indicated, where red dots represent
nitrogen dopants and black dots represent carbon atoms.
The simulated 13-AGNRs have a length of 5 nm, equivalent
to 13 unit cells. This channel length was selected to ensure
clear observation of quantum confinement effects while
maintaining computational efficiency. This choice aligns
with industry trends towards shorter channel lengths for
enhanced performance and power efficiency (Oldiges et al.
2020).

Dopant locations are randomly selected inside the
nanostructure, based on the rules of step-up and edge
doping approach. Since step-up doping is employed, we
divide the channel into three regions which are near the
source contact, central and near the drain contact. The
dopants in each region are increased from near-source
region to central and finally near-drain region. 7 nitrogen
dopants are substituted for 0.02 per carbon atom doping
concentration; 14 nitrogen dopants are substituted for 0.04
per carbon atom doping concentration, and 21 nitrogen
dopants are substituted for 0.06 per carbon atom doping
concentration. In order to avoid the effect of dopants
location, the edge doping technique is employed where only
the edges of AGNRs. As a result, the location of dopants
could be fixed at the edge as the doping concentration
increases. The line edge roughness defect is defined via the
exponential auto-correlation method, as discussed in
previous research (Wong et al. 2020b). In this work, the
width and length of AGNRs are fixed; thus the simulated
electronic and transport properties are not affected by the
dimensional variations.

The general structure of the Hamiltonian operator matrix
for 13-AGNRs is computed based on the numerical real
space NNTB method, as shown in Eq. (1). The step-by-step
derivation of the Hamiltonian operator matrix had been
discussed in our previous work (Wong et al. 2019a, b,
2020a).

0

Bea as Psc O 0 0
0 0 0 0 0 0

H=10 o . .0 @)

0 0 0 Bk a, Bim
0 0 0 0 Bur au

where a is the alpha matrix defines the interaction between
atoms inside the unit cell and g is the beta matrix defines
the interaction between unit cells. The row and column
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Vg =——Source Contact (6 nm| Channel (5 nm)
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Fig. 2 Two-dimensional general structure of simulated 13-
AGNRFETs

dimension of the Hamiltonian operator matrix is similar to
the total number of unit cells inside the GNRs. The similar
method is used to define the Hamiltonian operator matrix of
the source and drain contacts. Then, the sub-band structure
of the n-doped rough-edged 13-AGNRs is simulated via Eq.

2).
E = Be @ 4 q + Betika 2

In Eq. (2), k is the wave vector, and a or ka denotes the
lattice constant or the product of the wave vector and the
lattice constant, respectively. The simulated n-doped rough-
edged 13-AGNRs are subsequently employed as the
channel for 13-AGNRFETs, with connections to metallic
zigzag-edged GNR contacts at the drain and source ends.
The general structure and Hamiltonian construction of these
armchair and zigzag-edged GNR contacts have been
thoroughly discussed in our previous research, and thus will
not be elaborated upon here. The detailed definitions and
values of the alpha and beta matrices can also be found in
our prior work (Wong et al. 2020b). Fig. 2 shows the two-
dimensional general structure of simulated 13-AGNRFETS,
which is made of double-gated structure with the 1 nm thick
silicon dioxide layers as the gate oxide.

The dielectric constant for silicon dioxide is 3.9. The
length of the gate contact is identical to the length of the
channel while the length of the drain and source contacts is
always 1 nm longer than the length of the channel.
Tantalum metal is utilized as the material of gate contact.

The source and drain contacts in our study are composed
of zigzag graphene nanoribbons (ZGNRs) with a length of 6
nm. For the device with ZGNR contacts, the source contact
is built up by AGNRs arranged in a shifting down
arrangement, whereas the drain contact is arranged in a
shifting up arrangement to form zigzag-edged [111]. As a
result, the width of the ZGNR contact is always larger than
the width of the channel by one. For a channel width of 13-
AGNRs, the ZGNR contact width is 14 atoms wide. Each
unit cell of the 14-ZGNR consists of 28 carbon atoms.
Given a length of 6 nm, which corresponds to approximately
14 unit cells (assuming a unit cell length of 0.43 nm), the
total number of atoms in the ZGNR would be 392 carbon
atom.
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Fig. 3 Example of the logarithm of drain-source current
versus gate-source voltage curve on a semilogarithmic
scale. Vpp is the power supply voltage.

The two-dimensional Poisson equation is solved self-
consistently within the NEGF, and the successive over-
relaxation method is used to speed-up the convergence
process. Eg. (3) illustrates the two-dimensional Poisson
equation used in this research (Owlia et al. 2017, Shamloo
et al. 2020).

1
m (/’IZZ[USCF(X — 1,Z) + USCF(x + 1, Z)] +
th[ZUSCZF(x,Z — 1)+ Usep(x,z+ D] + 3)
hx*hz ,Z
q—p(x)= Uscr(x, 2)
Eoér

Here, p(x,z) is the net charge density distribution
counting the doping density, & is the dielectric constant of
the silicon dioxide, & is the permittivity of free space, hy is
the grid spacing in the x-direction, h; is the grid spacing in
the z-direction and Usce is the self-consistent potential.
Different boundary conditions are employed when the finite
difference method is utilized to solve the two-dimensional
Poisson equation. For instances, Dirichlet boundary
condition is imposed at the grid points, which is the
boundary between the gate contact and the silicon dioxide
while Neumann boundary condition is imposed at the grid
points on the other boundaries. Eq. (4) demonstrates the net
charge density distribution, p(x,z) computation (Khorshidsavar
et al. 2018).

p(x,z) =p—n+ Ny — Ny 4

where p, n, Np* and Na* are the holes concentrations,
electron concentrations, donor concentrations and acceptor
concentrations, respectively. For instance, in a GNR
segment with 1000 carbon atoms, a doping concentration of
0.02 per carbon atom means 20 nitrogen atoms (Nj =
0.02 X 1000 ). These nitrogen atoms act as donors,
increasing the electron concentration (nn) and enabling us
to study the impact of this doping level on the electronic
properties and quantum transport characteristics of the 13-
AGNRFETs.After the convergence of self-consistent
potential, the total DOS of the device can be calculated
through Eq. (5).

DOS(E) = %Im[Trace[GF]] ©)]

where Gr is the retarded Green’s function as shown in Eq.
(6) (Nazari et al. 2015, 2016).

GF = Gretarded = [(E + ln) * I - H - USCF - ES
- 2p]t (6)

where E, #, I, 25 and Zp are the energy, an infinitesimal
positive number, the identity matrix, self-energy matrix of
the source contact and self-energy of the drain contact,
respectively. The transmission coefficient of the device can
be computed through Eq. (7) (Shamloo et al. 2017, 2020),
given as

T(E) = Trace[l3Gr I[,G™] 7

where G* is the advanced Green’s function, which is the
Hermitian conjugate of the retarded Green’s function, Gg,
and I's and Ip is the coupling between the channel and
source contact as well as coupling between the channel and
drain contact.

Following that, the current can be computed via the
Landauer’s current equation (Khan et al. 2014), expressed
as

2q (*
1= asg@ v -rE e ©

where g is the electronic charge, h is Planck’s constant, f
(E,Us) is Fermi functions of the source contact and f (E,Up)
is Fermi functions of the drain contact (Bahrami and
Shahhoseini 2017). After computation of the current-
voltage characteristics curve, performance metrics of the
simulated device can be calculated, including the SS and
DIBL as presented in Eg. (9) and Eq. (10) as

_ AVgs
5§ = Alog Ips’ (9)
DIBL = ———— 1
VDD - 0.1 ( 0)

where 4 /s is the difference in the gate-source voltage in
mV, 4/0410 /os is the difference in the drain-source current
on a logarithmic scale, Vpp is the power supply voltage, 0.1
V is the lowest drain-source voltage at the linear region and
AV is the difference in the threshold voltage. Moreover,
the on/off current ratio can be calculated as the division
between the on-state current, lon and off-state current, lorr,
expressed as

Current ratio = Jon (112)

OFF

where on-state current is the maximum current flowing
through the device in on-state while the off-state current is
the minimum current flowing through the device in off-state
when the drain-source voltage is equal to the power supply
voltage (Tan et al. 2012, Chin et al. 2014). Fig. 3 illustrates
the computation of the device performance metrics from the
semi-logarithmic plot of drain-source current versus gate-
source voltage curve.



142 K.L. Wong, M.W. Chuan, A. Hamzah, S. Rusli, N.E. Alias, S.M. Sultan, C.S. Lim and M.L.P. Tan

Device: 13-AGNR
Bandgap: 0.61268 eV (n-doped)

Bandgap: 0.71406 eV (pristine
0 gap (P ) 10

8 8
4] 4
2 i = 3 2
30 30
w w
-2 i 2
40 4
Y 6
-8 8
-10 -10
-1 -0.5 0 0.5 1 -1 -0.5

Normalized Wavevector (ka/m)

(@)

Device: 13-AGNR
Bandgap: 0.61165 eV (n-doped)
Bandgap: 0.71406 eV (pristine)

Normalized Wavevector (ka/r)

Device: 13-AGNR
Bandgap: 0.60575 eV (n-doped)
Bandgap: 0.71406 eV (pristine)

£ 2 < ”
30
w
-2
4,
B K
-8 —
-10
0.5 1 -1 -0.5 0 0.5 1
Normalized Wavevector (ka/nx)
(©

Fig. 4 Sub-band structure of n-doped rough-edged 13-AGNRs at 5 nm length for doping concentration of (a) 0.02, (b)
0.04 and (c) 0.06 per carbon atom. The blue line indicates the sub-band structure for pristine 13-AGNRs while the red
line indicates the sub-band structure for n-doped rough-edged 13-AGNRs

4. Results and discussion

Fig. 4 presents the sub-band structure of n-doped rough-
edged 13-AGNRs at 5 nm length for doping concentration
of 0.02, 0.04 and 0.06 per carbon atom. The 13-AGNR
channel contains a total of 350 atoms, with the doping
concentrations corresponding to 7, 14, and 21 nitrogen
atoms, respectively. The blue line indicates the sub-band
structure for pristine 13-AGNRs while the red line indicates
the sub-band structure for n-doped rough-edged 13-
AGNRs. In addition, the bandgap is compared between
pristine and non-pristine 13-AGNRs. In Fig. 4, the first
"Bandgap" shown in sub-band structure plot shows the
bandgap of the n-doped rough-edged 13-AGNRs while the
second "Bandgap" shown in sub-band structure plot shows
the bandgap of the pristine 13-AGNRs. From the figure, we
found that the total number of sub-band is reduced from 26
of pristine 13-AGNRs to 24 of n-doped rough-edged 13-
AGNRs. Different doping concentration will affect the
bandgap of the n-doped rough-edged 13-AGNRS because
the bandgap value reduces when the doping concentration
increases. For example, the bandgap of n-doped rough-
edged 13-AGNRs with 0.02 per carbon atom doping
concentration is 0.613 eV while the bandgap of n-doped
rough-edged 13-AGNRs with 0.06 per carbon atom doping
concentration is 0.606 eV. Increasing the doping
concentration of n-doped rough-edged 13-AGNRs at 300%
will reduce the bandgap by about 1.14 %. The maximum
and minimum energy of the sub-band structure is almost

remaining the same when the doping concentration is
increasing.

Fig. 5 demonstrates the total DOS of the device versus
energy curve for 13-AGNRFETS with the channel of doping
concentration at 0.02, 0.04 and 0.06 per carbon atom which
are represented by green, red and blue lines, respectively at
gate-to-source voltage of 0.1 V and drain-to-source voltage
of 0.5 V. It is observed that varying the channel doping
concentration in 13-AGNRFETSs has minimal impact on the
total DOS of the system. This is evidenced by the fact that
all three colored lines overlap at the same position and
exhibit identical minimum and maximum energy values.
Since the channel is n-doped, the peak at 2.7 eV is higher
than the peak at -2.7 eV. Besides that, Fig. 6 illustrates the
graph of the transmission coefficient versus energy curve
for 13-AGNRFETs with the channel of doping
concentration at 0.02, 0.04 and 0.06 per carbon atom which
are represented by green, red and blue lines, respectively at
0.1 V of gate-to-source voltage and 0.5 V of drain-to-source
voltage. Similar to the total DOS of device plot, the peak
above energy level of 0 eV is always higher than the peak
below the energy level of 0 eV since the device is n-doped.
However, it is observed that the variation of the channel
doping concentration for 13-AGNRFETs has a more
apparent impact on the transmission coefficient plot,
although the impact is not obvious.

From the maximum value of the transmission coefficient,
we can notice that the channel of the device with the highest
doping concentration has the highest value of transmission
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coefficient while the channel of the device with lowest
doping concentration has the lowest value of transmission
coefficient. However, the difference is not drastic. The
transmission plot is shown in Fig. 6, where the 13-
AGNRFET is biased at a gate-source voltage of 0.1 V. As
the gate voltage, Vg increases, the transmission coefficient
curve will be shifted downwards, resulting in more
conducting region (or mobile charge carriers) that is
associated with the current conduction; and thus increasing
the wvalue of the drain current during the current
computation via the Landauer’s current equation.

Fig. 7 presents the drain-source current, lps versus
drain-source voltage, Vps and drain-source current, Ips
versus gate voltage, Ve on a semi-logarithmic scale for n-
doped rough-edged 13-AGNRFETSs at a doping concentration
of 0.02, 0.04 and 0.06 per carbon atom at gate voltage and
drain-source voltage ranging from 0 V to 1 V with 0.1 V
gap. Moreover, the drain-source current, lps versus gate
voltage, V¢ for n-doped rough-edged 13-AGNRFETSs at a

doping concentration of 0.02, 0.04 and 0.06 per carbon
atom is shown in Fig. 8 with gate voltage and drain-source
voltage ranging from 0 V to 1 V with 0.1 V steps.

The drain-source current, Ips versus gate voltage, Ve on
a semi-logarithmic scale for n-doped rough-edged 13-
AGNRFETSs with a doping concentration of 0.02, 0.04 and
0.06 per carbon atom is illustrated in Fig. 8. The
performance metrics of n-doped rough-edged 13-
AGNRFETs at lengths of 5 nm with various doping
concentrations are summarized in Table 1. From the drain-
source current, Ips versus drain-source voltage, Vps curve,
we found that the n-doped rough-edged 13-AGNRFETs
exhibit strong saturation behaviour and not affected by
varying doping concentration. The difference in channel
doping concentration only affects the value of saturation
current where the saturation current increases from 0.563
pA to 0.731 pA when the doping concentration triples from
0.02 per carbon atom to 0.06 per carbon atom. The
subthreshold swing and DIBL of the n-doped rough-edged
13-AGNRFETs are decreases when the channel doping
concentration increases. For instances, increasing the
doping concentration from 0.02 per carbon atom to 0.04 per
carbon atom has reduced the subthreshold swing from
161.48 mV/dec to 139.44 mV/dec and DIBL from 81.73
mV/V to 79.7 mV/V. The decrease in the subthreshold
swing is about 13.65% while the reduction in DIBL is about
2.48%. When the doping concentration is increased further
to 0.06 per carbon atom, the subthreshold swing and DIBL
is further improved to lower values: 139.44 mV/dec and
77.28 mV/V, respectively. Therefore, we can conclude that
the device with higher doping concentration at the channel
has better channel control and less affected by the short-
channel effect.

Besides that, the on-current is increased while off-
current is decreased under higher channel doping
concentration in the 13-AGNRFETs. The on-current
increased from 0.563 pA to 0.731 pA while the off-current
is decreased from 1.08 nA to 0.908 nA when the doping
concentration of the channel for 13-AGNRFETSs increases
from 0.02 per carbon atom to 0.06 per carbon atom. The
increase in on-current is about 29.8% while the decrease in
off-current is about 13.93%; hence the highly doped device
is less affected by leakage current effect. Since the on/off
current ratio is directly proportional to on-current but
inversely proportional to off-current, the on/off current ratio
for the n-doped rough-edged device is increased under
higher channel doping concentration. For example, the
on/off current ratio is increased from 521.30 to 739.50
when the doping concentration of channel increases from
0.02 per carbon atom to 0.04 per carbon atom. When the
doping concentration is increased further to 0.06 per carbon
atom, the on/off current ratio reaches 805.07. Therefore, we
can summarise that device with higher channel doping
concentration has better gate control. However, the
threshold voltage, which is the minimum voltage to create a
conducting path between the source and drain contacts, has
increased when the doping concentration of the channel for
13-AGNRFETs increases. For instances, the threshold
voltage increases from 0.18 V to 0.3 V when the channel
doping concentration increases from 0.02 per carbon atom
to 0.06 per carbon atom.
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Fig. 7 Drain-source current Ips versus drain-source voltage Vps for n-doped rough-edged 13-AGNRFETs at a doping
concentration of (a) 0.02, (c) 0.04 and (e) 0.06 per carbon atom and drain-source current Ips versus gate voltage Ve on a
semilogarithmic scale for n-doped rough-edged 13-AGNRFETSs at a doping concentration of (a) 0.02, (c) 0.04 and (e)
0.06 per carbon atom



Quantum transport of doped rough-edged graphene nanoribbons FET based on TB-NEGF method 145

!D 5 VG curve

0.6

Log "DS- V(3 curves on semilog scale
_ =0.1 -6 T T T T
=02
vV =03
—V_ =04
vV =05
V =08
— Vv =07
=08
=09
vV =10 10 " . . .
0 0.2 0.4 0.6 0.8 1
Ve V]

Iy [uA]
o o o o o

=]

oo o

=]

(b)

Log "DS- V(3 curves on semilog scale
— V. =01 -6 T T T T
=0.2
vV =03
—V.=04
=0.5
V =06
— =0.7
=0.8
=0.9
V. =10 10 " . . .
0 0.2 0.4 0.6 0.8 1
Ve V]

o"o"o

Ip [uA]
o "o o

Log I [A]

L=l = = |

=]

(d)

Log "DS- V(3 curves on semilog scale
—V_ =01 -6 T v T v
=0.2
V. =03
—V =04
=05
V. =06
— V. =07
=08
=09
V. =10 -10 s a 2 .
0 0.2 0.4 0.6 0.8 1
Ve V]

(= = =]

(=T = R =

Log I [A]

o"oCo

=]

%0 01 02 02 0.4 0.5 06 07 0.8 0.9 1
Ve M
() ®)
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Table 1 Performance metrics of n-doped rough-edged 13-AGNRFETs at lengths of 5 nm with various doping

concentrations

Doping Concentration Sl_JbthreshoId DIBL On-current Off-current lon/lors ratio Threshold voltage
(per carbon atom)  Swing (mV/dec) (mVIV) lon (A) lore (A) V1 (V)
0.02 161.48 81.73 5.63x107 1.08x10°° 521.30 0.18
0.04 152.19 79.70 6.87x107 9.29x1010 739.50 0.2
0.06 139.44 77.28 7.31x107 9.08x1010 805.07 0.3

5. Conclusions

In conclusion, this work has successfully modelled and
simulated the electronic properties of n-doped rough-edged
13-AGNRs at different doping concentration, including the
sub-band structure and bandgap; as well as its quantum
transport properties at the device level, including the total
DOS of the device, transmission coefficient and current-
voltage characteristics curves. Numerical real space NNTB
approach has been employed to construct the Hamiltonian
operator matrix of the simulated nanostructure. Quantum
transport properties are simulated via the self-consistent
solution of two-dimensional Poisson and Schrddinger
equation within the NEGF method. The successive over-
relaxation method is coupled with the Poisson equation to
speed up the convergence process. Following that,
performance metrics of the device including subthreshold
swing, drain-induced barrier lowering, on/off current ratio
and threshold voltage, are computed. The results of this
research show that the bandgap, subthreshold swing and
drain-induced barrier lowering are reduced under increasing
doping concentration because more carriers are introduced
in the nanostructure under higher doping concentration.
Therefore, the on-state current is increased for highly-doped
rough-edged 13-AGNRFETSs and thus higher on/off current
ratio. In short, the higher the doping concentration of the
channel, the better the gate control of the device. In future
work, the effects of channel dopant locations in the
AGNRFETsS to its device performance could be explored to
gain further insights on this interesting bandgap engineering
technique.
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