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Understanding the effect of n-type and p-type doping in the channel
of graphene nanoribbon transistor
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Abstract. In this paper, device performance of graphene nanoribbon ﬁeld effect transistor (GNRFET) with different doping concentrations in different parts of the channel is reported. The study is performed by using atomistic
simulations based on self-consistent solution of Schrodinger’s and Poisson’s equation within the non-equilibrium
Green’s function formalism. The transfer and output characteristics suggest that device performance with n-type
doping in the channel is better with smaller supply voltage compared to higher supply voltage. On increasing the
n-type doping concentration, we obtained better on-current and output characteristics in comparison with undoped
and p-type doped channel GNRFET. Further, we introduced step-doping proﬁle in the graphene nanoribbon (GNR)
channel and found that the device gives better on-current and good saturation condition when compared to undoped
or uniformly-doped channel.
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Introduction

During the previous few years, various properties of carbon
nanostructures have attracted more research because of its
variable electrical properties, which can be utilized for various electronic applications. Graphene nanoribbon (GNR)
presents a new approach for different devices. In past, huge
efforts have been done by the researchers to understand the
electrical properties of GNR. In 2-D graphene sheet, electrons behave as massless charge carriers [1] which travel
through the lattice with a long relaxation path [2]. Graphene
has zero bandgap structure, which makes it unsuitable for
switching applications. However, the energy bandgap can be
created by lateral conﬁnement of the particle [3].
It has been proved earlier that on varying the width of the
GNR sheet, energy gap will vary which has an inverse relation to each other [4,5]. Graphene nanoribbon ﬁeld effect
transistor (GNRFET) can be fabricated by connecting the
GNR channel with metal contacts [6,7], therefore, obtaining
a well-known Schottky-barrier FET (SBFET). Fabrication
techniques are available; however, simulations are equally
important before fabrication. Simulations can give a detailed
analysis and characteristics of the device being fabricated.
Quantum simulations based on tight-binding approach [8,9]
are used to assess device potential. This approach is based
on the 3-D Poisson’s and Schrodinger’s equation solver within
the non-equilibrium Green’s function (NEGF) calculation
[10]. In GNR, different types of nonlinearities arise due to a
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cavity, an ionized impurity in the channel and edge cavities
[8,9]. Doped impurity in different parts of channel may give
better GNRFET characteristics and hence are interesting to
investigate. In this paper, we investigate the effect of doping
of the GNRFET channel on the device characteristics.

2.

Model and method

Device characteristics of GNRFET are calculated by solving the 3-D Poisson’s and Schrodinger’s equation using
the NEGF formulation-based software called NanoTCADVides [11]. A tight binding Hamiltonian is used to describe
the atomistic details of the GNR channel. Figure 1a shows
a schematic arrangement of GNRSBFET with contact SB
height of ΦBn = ΦBp = Eg /2.
Double gate geometry with SiO2 thickness of 1.5 nm and
dielectric constant 3.9 is used in the simulations. A 9 nm
long, N = 9 smooth GNR channel that has a width of 2.1 nm
is considered at room temperature. Power supply voltage,
VDD = 0.5 V [12,13].
A 9 nm GNR channel is divided into three regions as shown
in ﬁgure 1b in which ﬁrst region is 0–3 nm long, second
region is 3–6 nm long and third region is 6–9 nm long, and
in these three regions n-type and p-type dopings are varied.
n-type and p-type dopings act as ﬁxed charge in particular region, which play an important role in the variation of
electrostatic potential of the device. A self-consistent, repetitive loop solves the transport equation and 3-D Poisson’s
equation.
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Results and discussion

The impact of doping on the electronic movement, such as
carrier mobility is not yet clear. In this section, we study
doping performance of the device and its limitations. The
quantum transport equation is solved using NEGF for narrow
GNR (0–9 nm). The doping limited mobility is inversely
proportional to the doping in different regions [6]. We ﬁrst
obtain results for a GNR-SBFET without doping, which is
shown in ﬁgure 2a and b.

We observed low values of Ion and Ioff currents from
ﬁgure 2a and b, and are provided in table 1, which is due to
limited free π electron. To improve the performance of the
device, n-type and p-type dopings have been introduced in
different parts of the channel, n-type and p-type doping proﬁles increase free charge career in the channel due to which
we can see large variations in on- and off-currents. Considering the fact that electrons are lighter and faster than holes,
n-type doping of the channel is expected to enhance on-current
for any type of metal-semiconductor contact. The effect of

Figure 1. (a) GNR-SBFET with metal contact and (b) GNR channel with different three
divided regions.

Figure 2. Current IDS in amperes and voltages VGS and VDS in volts. (a) Transfer and (b) output
characteristics of GNR-SBFET without doping.

Effect of n-type and p-type doping in GNR channel
variable n-type and p-type doping concentrations in 0–3 nm
region of a 9 nm channel length device is evaluated and its
transfer and output characteristics are shown in ﬁgures 3
and 4.
From the transfer and output characteristics of ﬁgures 3
and 4 (for 0–3 nm region), we ﬁnd off-current (Ioff ) at
VGS = −VDD and VDS = VDD , and on-current (Ion ) at
VGS = VDS = VDD , which are shown in table 2. From table 2,
we observe that p-type channel gives more off-current in
comparison to n-type-doped channel. It is also observed that
n-type-doped structure gives larger on-current with respect
to undoped channel device. Further, we consider doping in
another region (3–6 nm region) and calculated its transfer
and output characteristics (see ﬁgures 5 and 6) by varying n-type and p-type doping concentrations in this region.
Table 1.

Ion and Ioff currents of undoped GNR channel.

Doping concentration
Ideal GNR (Zero doping con.)

Ion (Amp)

Ioff (Amp)

3.01 × 10−6

2.92 × 10−6
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It was observed that on increasing doping concentration
in this region, Ion increases marginally and Ioff decreases
marginally, Ion /Ioff ratio remains almost same. Next, we consider 6–9 nm region with variable n-type and p-type dopings and calculate its transfer and output characteristics in
ﬁgures 7 and 8, which shows that saturation condition
takes place in n-type-doped channel, however, p-type-doped
channel device remains unsaturated.
On comparing ﬁgures 2–8, we observe larger variations
in on and off-currents in n-type-doped structure in comparison with p-type-doped and undoped channel structures. It is
also possible to obtain the important saturation characteristics on introducing n-type-doping near drain side, which further improves with increase in doping concentration. For a
more general analysis, we have calculated Ion and Ioff currents from input and output characteristics for all the structures, which are shown in table 2. Switching is the most
important characteristic to achieve graphene-based electronic
devices with high performance, ﬁnite bandgap (Eg ) graphene
sheets are usually required for different electronic applications. Ion /Ioff ratio in FETs is dependent on Eg of the

Figure 3. Current IDS in amperes and voltages VGS and VDS in volts. (a) Transfer and (b) output
characteristics of GNR-SBFET with n-type doping in 0–3 nm region of a 9 nm channel.

Figure 4. Current IDS in amperes and voltages VGS and VDS in volts. (a) Transfer and (b) output
characteristics of GNR-SBFET with p-type doping in 0–3 nm (near source) region of a 9 nm channel.
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channel material on the basis of the following proportional
relationship:
Ion /Ioff ∝ eEg /KB T .
The variation in Ion /Ioff ratio suggests the variation in
bandgap of graphene sheet channel (from the above relation). From tables 1 and 2, we observed that undoped

Table 2.

channel gives less on-current compared to doped channel. On
introducing low (1:103 ) n-type doping concentration in
6–9 nm region, Ion current reduces when compared to highdoped concentration (3:103 ) structure. Thus, in undoped
SBFET, due to higher barrier at the interface, Ion current
reduces. On increasing the impurity carrier concentration
and when the gate voltage is increased, barrier reduces and

Ion and Ioff currents of doped GNR channel.

Doping
concentration

Ion (Amp)
n-type

Ion (Amp)
p-type

Ioff (Amp)
n-type

Ioff (Amp)
p-type

1:103
2:103
3:103
1:103
2:103
3:103
1:103
2:103
3:103

3.7 × 10−6
5.9 × 10−6
8.0 × 10−6
7.1 × 10−6
7.8 × 10−6
8.3 × 10−6
5.6 × 10−6
7.8 × 10−6
9.9 × 10−6

2.5 × 10−6
3.2 × 10−6
6.1 × 10−6
2.1 × 10−6
3.7 × 10−6
6.3 × 10−6
1.5 × 10−6
2.8 × 10−6
2.9 × 10−6

3.1 × 10−6
5.1 × 10−6
5.0 × 10−6
6.3 × 10−6
6.1 × 10−6
5.9 × 10−6
4.3 × 10−6
4.2 × 10−6
4.1 × 10−6

1.2 × 10−6
1.1 × 10−6
1.9 × 10−6
1.3 × 10−6
1.2 × 10−6
1.9 × 10−6
1.1 × 10−6
1.2 × 10−6
1.3 × 10−6

(0–3 nm region)
(0–3 nm region)
(0–3 nm region)
(3–6 nm region)
(0–3 nm region)
(3–6 nm region)
(6–9 nm region)
(0–3 nm region)
(6–9 nm region)

Figure 5. Current IDS in amperes and voltages VGS and VDS in volts. (a) Transfer and (b) output
characteristics of GNR-SBFET with n-type doping in 3–6 nm (center region) region of a 9 nm channel.

Figure 6. Current IDS in amperes and voltages VGS and VDS in volts. (a) Transfer and (b) output
characteristics of GNR-SBFET with p-type doping in 3–6 nm (center region) region of a 9 nm channel.

Effect of n-type and p-type doping in GNR channel
Ion current increases compared to undoped and low-doped
devices, however, Ioff current remain almost same due to
which a marginal increment in Ion /Ioff ratio is observed.
Smaller Ion current suggests a barrier near contact interface
which can be lowered by doping this region. From table 2,
we observed that when impurity concentration in region
6–9 nm (drain side) is low, then Ion current is low, which
means that there is barrier at the drain interface, on increasing
impurity concentration at the drain interface, barrier reduces
and Ion current increases due to which Ion /Ioff ratio increases.
Similarly, extending the above analysis to 3–6 nm region
(middle region), it was observed that doping this region has
very small effect on Ion current when compared to doping
6–9 nm region (drain side). From table 2, it is also observed
that n-type doping shows better switching than p-type doping and also gives a better swing in comparison with p-type
doped channel device. At VDS = 0.5 V, there is no large variation in on- and off-currents (see table 2), which means that
for high doping concentrations better transistor characteristics can be obtained at lower supply voltages (e.g., at
VDS = 0.2 V).
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Further, we also introduced n-type increasing step doping proﬁle in the channel (1:103 in 0–3 nm range, 2:103 in
3–6 nm range and 3:103 in 6–9 nm range) and obtained its
transfer and output characteristics which are shown in ﬁgures
9 and 10. Similarly, we also introduced n-type decreasing step doping in 0–9 nm channel region (3:103 in 0–3 nm
range, 2:103 in 3–6 nm range and 1:103 in 6–9 nm range)
to observe its effect on transistor characteristics (see ﬁgures
9 and 10). In case of increase step doping case, drain is a
good collector (low barrier from high doping), but limited
electrons are collected due to source being a bad emitter
(high barrier due to low doping). In case of step increase
doping in ﬁgure 9a, on-current rises with a good slope and
gives good on-current (at VDS = 0.2 V) with good saturation
and stable output for saturation condition (see ﬁgure 10a),
while in step decrease doping case, the on-current increases
very slowly and equivalent high current is achieved at higher
bias voltages (see ﬁgures 9b and 10b) in comparison with
step increase doping case. More drive current is possible
in increased doping structure. The output characteristics of
increase step doping are better in comparison with decrease

Figure 7. Current IDS in amperes and voltages VGS and VDS in volts. (a) Transfer and (b) output
characteristics of GNR-SBFET with n-type doping in 6–9 nm (near drain) region of a 9 nm channel.

Figure 8. Current IDS in amperes and voltages VGS and VDS in volts. (a) Transfer and (b) output
characteristics of GNR-SBFET with p-type doping in 6–9 nm (near drain) region of a 9 nm channel.
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Figure 9. Current IDS in amperes and voltage VGS in volts. (a) Transfer characteristics of GNRSBFET with n-type increased step doping in 0–3, 3–6 and 6–9 nm regions of a 9 nm channel.
(b) Transfer characteristics of GNR-SBFET with n-type decreased step doping in 0–3, 3–6 and 6–9 nm
regions of a 9 nm channel.

Figure 10. Current IDS in amperes and voltage VDS in volts. (a) Output characteristics of GNRSBFET with n-type increased step doping in 0–3, 3–6 and 6–9 nm regions of a 9 nm channel. (b) Output
characteristics of GNR-SBFET with n-type step decreased doping in 0–3, 3–6 and 6–9 nm regions of a
9 nm channel.

Table 3.

Ion and Ioff currents of doped GNR channel with step doping at VDS = 0.2 V and VDS = 0.5 V.

Doping concentration

Ion (Amp)
VDS = 0.2 V

Ion (Amp)
VDS = 0.5 V

Ioff (Amp)
VDS = 0.2 V

Ioff (Amp)
VDS = 0.5 V

1:103 , 1:103 , 1:103
3:103 , 3:103 , 3:103
1:103 , 2:103 , 3:103
3:103 , 2:103 , 1:103

5.8 × 10−6
1.3 × 10−5
8.7 × 10−6
4.8 × 10−6

9.1 × 10−6
2.8 × 10−5
1.1 × 10−5
8.1 × 10−6

3.8 × 10−6
9.8 × 10−6
6.1 × 10−6
4.1 × 10−6

7.1 × 10−6
1.1 × 10−5
7.3 × 10−6
7.1 × 10−6

(0–3, 3–6, 6–9 nm regions)
(0–3, 3–6, 6–9 nm regions)
(0–3, 3–6, 6–9 nm regions)
(0–3, 3–6, 6–9 nm regions)

step doping case (see ﬁgure 10). We observed that n-type
step-doped channel (increasing doping proﬁle from source to
drain) gives further better on-current and output characteristics (see table 3) in comparison with undoped and uniformlydoped channel device (see table 3) and also gives better
saturation condition at its output.

4.

Conclusion

We performed a simulation study on GNR-SBFET and investigated its transfer and output characteristics by varying the
channel doping in the NEGF quantum simulator. Comparison of the Ion /Ioff ratio in different parts of the channel

Effect of n-type and p-type doping in GNR channel
shows that Ion /Ioff ratio is larger when drain side region is
n-type, doped. n-type-doped device gives better characteristics compared to p-type-doped device. Saturation condition
is an important transistor characteristic which was observed
in n-type-doped device structure. For high doping concentrations, better transistor characteristics can be obtained at lower
supply voltages. Characteristics can be improved further by
introducing step doping proﬁle in the channel. From these
investigations we can say that if GNR-SBFET is to be used in
variable switching and ampliﬁcation applications, increasing step doping (from source to drain) in the channel of
GNR-SBFET with n-type impurity having higher concentration near drain side can give better on-current and saturation
condition.
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