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1 Abstract

The experimental study of interband quantum mechanical tunneling in graphene nanoribbons

TE
D

is a major step to realizing graphene tunneling-based field effect transistors (TFET). Here, we
report the sharp switching behavior observed in an electrostatically controlled graphene
nanoribbon p-n junction in pn and np biasing. We demonstrate current modulation with a slope

EP

of 42 mV/dec over five order of magnitude in drain current at 5 K when the device is switched
from nn to np configuration. This slope is unaffected by temperature up to 50 K. The suppression

AC
C

of carrier transmission in the OFF state is attributed to the finite bandgap of the ~15 nm wide
graphene nanoribbon channel. We show that the reported device characteristics can be explained
by band-to-band tunneling through the junction. This work is expected to offer valuable insight
into BTBT in GNRs and be a valuable contribution towards competitive graphene TFETs.
*

Corresponding author. Tel: +81 761-51-1573. E-mail: a_hammam@jaist.ac.jp (Ahmed M.

M. Hammam)
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2 Introduction
Complementary metal oxide semiconductor (CMOS) devices have continuously been

RI
PT

downscaled for decades, however, the stand-by power governed by the leakage current at their
OFF state is now exceeding the dynamic power at the ON state[1]. In order to overcome this
issue, various types of abrupt switches are currently examined, which are expected to realize a

SC

subthreshold slope (SS) smaller than the theoretical limit of 60 mV/decade at room temperature
for Metal-oxide-semiconductor field effect transistors (MOSFET) and a lower threshold voltage,
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leading to a remarkable reduction of the leakage floor. In this direction, tunnel field effect
transistors (TFETs) are currently under serious study as one of the promising candidates for
beyond-Moore electronics [2]. It is worth to mention that a conventional semiconductor TFET is
formed by a fixed p-doped source and n-doped drain region, where the gate is used to tune the
channel potential to realize ON and OFF states. In the ON-state, a p-n junction is formed

TE
D

between source and channel. Over the past decade, various TFETs based on both group IV and
group III-V semiconductors have been studied. However, these TFETs commonly suffer from

EP

seriously low ON-state current due to the large band gap of the employed semiconductors [2,3].
In contrast, TFET designs based on graphene, which features inherently zero band gap and

AC
C

massless charge carriers, are expected to achieve a higher tunneling current at the ON-state.
Moreover, superior gate controllability due to the atomically thin two-dimensional (2D) nature of
graphene is expected. Unlike conventional semiconductors, in graphene, doping level and type
can be controlled electrostatically by a perpendicular electric field. Thus, the device performance
can be optimized by modulating the electrostatic gates. Despite its exceptional electrical
properties, graphene with its zero bandgap is handicapped in the field of digital electronics where
a finite bandgap is an essential requirement to control the carrier transport through a device.
2
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However, patterning 2D graphene sheets into very narrow ribbons has been reported to introduce
an energy gap[4–9]. Therefore, Graphene Nano-Ribbons (GNRs) have a significant potential to
enable graphene to be used in digital electronics.
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The large number of theoretical studies about graphene TFETs[10–13]currently lack extensive
experimental verification to help identify the most crucial aspects and study the feasibility and
challenges. To the best of our knowledge, experimental demonstration of such kind of abrupt

SC

switches based on band-to-band tunneling in GNRs have not yet been reported, although there
has been related research on graphene p-n junctions that can be divided into two categories:
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Based on graphene (i) with energy gap, and (ii) without. In case of zero bandgap graphene p-n
junctions, carrier transport demonstrated a substantial evidence of the existence of the so-called
Klein tunneling (perfect transmission of the electrons in graphene with normal incidence onto a
potential barrier) phenomenon. Therefore it has been concluded that charge carriers cannot be

TE
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confined electrostatically in zero bandgap graphene p-n junctions[14–23].
On the other hand, when the graphene in the junction region has a finite energy gap,
suppression of Klein tunneling is theoretically reported [24,25]. Additionally, two important

EP

considerations emerge in GNRs patterned by plasma etching techniques, namely, quantum
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confinement (energy gap opening) and the effect of edge states that arises from unavoidable line
edge roughness (LER)[5,6,14,26–29]. Due to this edge disorder, the carrier transport in
semiconducting GNRs is dominated by the Coulomb blockade of multiple quantum dots[5,14]
and quantum confinement[30]. The former was observed by Liu et al.[14] who studied a p-n
junction in 30 nm wide GNR using one top gate and a global back gate for electrostatic
modulation. Müller et al.[31] fabricated a p-i-n junction using 30 nm wide GNR using buried
triple gates and attributed the electronic transport through the junction to band-to-band tunneling
3
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(BTBT). However, electrical characterization at only one temperature was reported in their study
that focuses on the fabrication process, and the BTBT was not explained in detail.
In this paper, we present a study of the carrier transport through a low biased GNR p-n
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junction in a wide range of temperatures extending from 5 to 300 K. Two individual top gates
with spatial separation of ~ 40 nm are used to define the PN junction electrostatically along the
GNR with a width of ~ 15 nm. By individually modulating the potential of the top gates, four

SC

distinct configurations corresponding to nn, pp, pn and np are observed. Carrier transport shows
a remarkable step transition during switching the device configuration from nn to pn (forward
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direction) or np (reverse direction), respectively, at lower temperature. Ion/Ioff ratios of 104 to 105
are realized at low temperature. Our detailed analysis shows that, although concurrent
mechanisms influencing the transport through the device, the sharp switching behavior can be
explained by considering BTBT through the p-n junction. The asymmetry between np and pn

alignment.

EP

3 Experimental

TE
D

biasing is explained based on 3D device simulations that show the effect of the top gate

AC
C

3.1 Device Fabrication

The schematic of our device is shown in Fig. 1(a), and a scanning electron micrograph in 1(b). It
consists of a narrow GNR at the centre of the channel for p-n junction formation, with wider
graphene acting as the source and drain contacts. Here, a commercial chemical vapour deposition
(CVD) grown single-layer graphene is transferred on top of a SiO2 (90nm)/Si substrate. To
decrease the amount of PMMA residues after the transfer process that can degrade the carrier
mobility [32–34], we put the sample in hot Acetone for 30 min, followed by annealing in
4
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forming gas for 3hrs at 250°C. Electron beam lithography (EBL) followed by e-beam
evaporation of 5/35 nm of Cr/Au and the lift-off technique are used to fabricate source drain
electrodes. High-resolution, negative tone resist, hydrogen silsesquioxane (HSQ), which is
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PT

converted into SiO2 after e-beam exposure, is used with a thickness of 35 nm to form the gate
dielectric and, at the same time, a hard mask. The narrow GNR is achieved by the reactive ion
etching (RIE) technique. It is worth mentioning that we did a second annealing (identical

SC

conditions) just before coating the sample with HSQ to decrease the PMMA residues from the
previous fabrication steps. A part of the ~ 22 nm wide and 1µm long continuous HSQ hard mask
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is shown in the inset of Fig. 1(b). Before the top gate fabrication, an additional passivation layer
of SiO2 was deposited by electron beam evaporation (10 nm), effectively reducing the gatechannel leakage. Finally, a high-resolution positive tone resists (SML-100) was used to fabricate
the two Cr/Au (2/10 nm) top gates with spatial separation of 40 nm by the previously used EBL

TE
D

lift-off technique. In the fabricated p-n junction device shown in Fig. 1 (b) the misalignment
between the top gate and the GNR of ∆X ≈ 325 nm is caused by the accuracy limit of the

AC
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lithography alignment process.

5
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Fig. 1 (a) Schematic illustration of our GNR p-n junction device. (b) Scanning electron
micrograph of the measured device with false colouring for better visibility. Insets show the
separation of ~ 40 nm between the top gates above the GNR, and the HSQ etching mask of ~22
nm width. ∆X is the misalignment of the top gates in respect to the GNR. (c) Ambipolar
characteristics at 300 K for Vd = 5 mV measured for individual gates. (d) Arrhenius plot used to

EP

3.2 Characterization

TE
D

extract the energy gap Eg = 44 meV.

A semiconductor device analyser (Agilent–B1500A) was used for all electrical measurements

AC
C

performed under vacuum (~ 10-4 Pa) in a variable temperature helium closed cycle cryocooler
prober system. The base temperature of the system is T ≈ 4.8 K. To confirm the functionality of
each gate and the performance of the GNR, the drain current was measured as a function of the
top and back gate voltages. The room temperature measurements shown in Fig. 1 (c) demonstrate
the individual gate potential tunability that is important to achieve electrostatically controlled
individual p and n regions in the GNR device. In all gate modulations, it was observed that the
charge neutrality point (CNP) is located close to 0 V, demonstrating the nearly intrinsic
6
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characteristics of the GNR. This characteristic is important as it minimizes the required gate
voltage offsets and offers symmetric tuning.
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PT

4 Results

As mentioned earlier, the width of the HSQ hard mask is ≈ 22 nm as shown in Fig. 1 (b),
however, the actual width of the patterned GNR is narrower due to the isotropic etching

SC

component of plasma RIE [4,28,35]. From the linear high-temperature region of the Arrhenius
plot shown in Fig. 1 (d) , an energy gap (Eg) of ~ 44 meV was extracted for the fabricated GNR.
( is the reduced Plank constant, W is the GNR
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Using the empirical model W    /

width and  = 106 m/s is the Fermi velocity)[8], the effective GNR width is thus estimated to be

~ 15 nm.

The four possible configurations of the p-n junction (nn, pp, pn, np) are realized by

TE
D

modulating the top gates independently while applying a drain bias Vd. For this, one of the top
gates is swept from -5V to +5V while the second gate is stepped in the same voltage range (-5V
to +5V). Note that, throughout this paper, the doping configuration is indicated by two letters

EP

(such as np), where the first letter denotes the doping below Tg1 (positive voltage for n-doping,
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negative voltage for p-doping), and the second letter denotes the doping below Tg2. Fig. 2 shows
the characteristic contour plot of drain current (Id) as a function of the two top gate voltages at 10
K (plots for other temperatures can be found in the supplementary information). Vd is fixed at 3
mV for all measurements at 25 K and above, and 12 mV below due to the high current
suppression at lower temperatures. As can be seen in Fig. 2, the low current region due to Tg2
modulation (transport gap) is wider than the low current region due to Tg1 modulation. This
difference is ascribed to the slight misalignment between the two top gates and the GNR in the
7
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fabricated device as shown in Fig. 1(b). Tg1 covers a larger part of the wide graphene contact
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region.

Fig. 2 Contour plot of drain current as function of the top gate voltages at T = 10 K. Drain
voltage Vd is 12 mV. The clearly defined doping regions induced by the electrostatically doping
are indicated by np, nn, pn, and pp, respectively. The three dashed lines indicate the location of

TE
D

the profiles in Fig. 3(b-d).

The drain current (Id) at 10 K is shown for different gating configurations in Fig. 3. When
using the global back gate (Fig. 3 (a)), a symmetric modulation is observed with some random

EP

oscillation around the CNP at Vg = -0.5 V. The symmetric modulation is consistent with the 300
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K measurement shown in Fig. 1(c). When modulating by the synchronized top gates (along the
black dotted line in Fig. 2), the symmetric characteristics are observed, as well (Fig. 3 (b)),
however, some differences exist compared to the back gate modulation. Firstly, the ON current
(VTg = +/- 5 V) is higher. As the dielectric layer between the top gates and the graphene is
significantly thinner than between the substrate and graphene, the modulation at a given voltage
is stronger with a higher doping level. The higher OFF current is due to the charge neutrality
points (CNP) having a slight offset for the two top gates (see Fig.1 (c)), and the device cannot be
8
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effectively turned off for synchronized top gate voltages (i.e. while the GNR underneath one gate
is completely turned off, the GNR under the other gate is still slightly ON). In contrast to these
two cases, when fixing one of the top gates and sweeping the other one, a remarkable step
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change in the drain current is observed. For fixed VTg1 = 4.9 V (Fig. 3(c), corresponding to np
biasing), the step change with a rate of ~42 mV/dec over a range five order of magnitude in drain
current (5x105) is observed at VTg2 ≈ -1 V. The OFF state current is at least one order of

SC

magnitude lower than for the back gate modulated current. In case of a fixed VTg2 = 4.9 V (Fig.
3(d), pn biasing), the rate of the step change at VTg1 ≈ -0.8 V is ~32 mV/dec but only over a
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range of four order of magnitude in drain current (~1.3x104). Furthermore, the current is only
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very slightly affected by the VTg1 outside of the suppression region.
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Fig. 3 Drain current as a function of gate voltage at T = 10K and Vd = 10 mV: (a) Back gate
voltage sweep. (b) Simultaneous Tg1 and Tg2 sweep. The GNR is modulated from nn
configuration to pp configuration. (c) Tg2 sweep at VTg1 = 4.9 V. The device is switched from nn

EP

configuration to pn configuration by sweeping VTg2 from 5 V to -5 V (forward biasing). Inset
shows the transition region with sharp slope of 42 mV/decade over five orders of magnitude. (d)

AC
C

VTg1 sweep at VTg2 = 4.9 V (reverse biasing) showing similar characteristics with 32 mV/decade
in the sharp switching region over four orders of magnitude.

Similar characteristics are observed at 100 K and slightly changed bias conditions, as well
(compare Fig. 4), however, two observations are made that require further elaboration. Firstly,
the slope of the abrupt current change decreases with increasing temperature. Secondly, there is a

10
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clear difference between np and pn biasing, both in terms of the modulated gate voltage, but also
in terms of the fixed gate voltage. For the np biasing (Fig. 4(a)), the current is unaffected by VTg1
(from 2 to 3.9 V). In clear contrast, the current is strongly affected by VTg2 in the pn biasing, and
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shows a constant current beyond the sharp switching (Fig. 4(b)). At 10 K this effect is observable
as well for the np biasing (see supplementary information) but strong current fluctuation and the
wide transport gap due to Tg2 masks this effect for the pn biasing. Although the source-drain

SC

biasing direction is reversed in respect to the doping configuration for these two cases, such an
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asymmetry is not expected and will be discussed in the next section.

EP

Fig. 4 Device characteristics at 100 K for np and pn biasing conditions. (a) Drain current vs VTg2
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(Vd = 3 mV and variable VTg1). (b) Drain current vs VTg1 (Vd = 3 mV and variable VTg2).

5 Discussion

5.1 Asymmetry of forward/reverse biasing
To understand the origin of the observed asymmetry between np and pn biasing, we have
performed 3D technology computer-aided design (TCAD) simulations. We have mentioned
11
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earlier that the top gates have a misalignment of ∆X ≈ 325 nm as shown in Fig. 1(b). Thus, along
the GNR channel from source to drain, there are two areas not fully modulated by the top gates,
and a non-uniform modulation within the top gate regions are expected. In Fig. 5(a), the
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perspective representation of the used 3D model is shown that reproduces the fabricated device.
All dielectrics (SiO2) are hidden for better visibility. Here we use Silvaco Atlas device
simulation framework [36], and the graphene is modelled as a 5 nm thin polysilicon layer with 1

SC

µOhm.cm resistivity, dielectric relative permittivity of 3, and a balanced donor and acceptor
doping of 1019 cm-3 in order to reproduce the centered Fermi level of unmodulated graphene. The
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energy gap of the narrow part is set to 44 meV, while this value is 0 meV for the remaining
graphene. The energy of the conduction and valence band of the graphene channel is affected by
the potential distribution between the top gates and the graphene. For the simulation, Vd is 10
mV. Fig. 5 (b) is the cross section through the simulated 3D model (cut parallel to yz plane

TE
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through the centre of the GNR at x=0) showing the potential distribution in the gate dielectric
with VTg1 -1 V and VTg2 4 V. In the p-n junction region, a continuous transition from negative to
positive potential is observed without intrinsic region. The potential gradient is directly affected

EP

by the geometry (i.e. the top gate separation and the thickness of the HSQ and SiO2 layers).
Furthermore, in the regions inside of Tg1 and Tg2, it is clearly visible that the electrostatic
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modulation of the GNR is reduced, but not eliminated. The band energies along the graphene
channel (x = 0 nm) are extracted as shown in Fig. 5(c) for the np, and in Fig. 5(d) for the pn
biasing condition for different variable gate voltages (the fixed gate is at 4 V).

12
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Fig. 5 TCAD simulation results. (a) Perspective view of 3D model representation of device
shown in Figure 1b used for Silvaco TCAD 3D simulation. All SiO2 elements are hidden for
better visibility. (b) Cut plane parallel to the yz plane through the center of the GNR (x=0)

TE
D

showing potential distribution induced by VTg1 = -1 V, VTg2 = 4 V and Id = 10 mV. The potential
varies with the position below the top gates due to the partially unmodulated GNR. (c+d)
Extracted band structure at center of GNR in the pn biasing configuration (VTg2 = 4 V) and np

EP

biasing (VTg1 = 4 V). When sweeping the variable gate from 4 V to -4 V, initially a potential
barrier is present. Then, when the valence band below the variable gate is lifted above the

AC
C

conduction band of the fixed gate, a relatively narrow tunnelling barrier is formed that allows the
rapid increase of current. The bias window is indicated by dashed lines. (e) Close-up of the PN
junction, highlighting the formation of the tunnelling barrier with length less than 40 nm.

For the nn configuration (4/4 V), a continuous doping along the channel is realized that allows
the high current. However, two potential bumps caused by the unmodulated GNR region are

13
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present. As VTg1 is reduced to 0.4 V, a wide potential barrier is formed in the Tg1 region,
effectively blocking the current through the channel (compare Fig. 3(c)). At this point, the
thermally activated leakage current over the potential barrier is governing the Ioff level. Note that,
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due to the edge roughness and the resulting potential variation in the band structure, multiple
quantum dot effect (Coulomb oscillations) is observed for all curves in Fig. 3 [27,37], and will
be discussed in more details later. Then, as VTg1 is further reduced to -0.8 V, the potential barrier

SC

is further heightened and a decrease of current would be expected. However, as the valence band
edge on the Tg1-side of the junction is shifted above the energy of the conduction band edge on
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the Tg2-side, a narrow barrier with the width WT is formed at the p-n junction inside the bias
window that is defined as the energy difference between the Fermi level in the source and drain
(EFS - EFD). This is highlighted in Fig. 5(e) where the junction region is shown for different pn
biasing conditions. For such a band structure with the narrow spacing (~ 40 nm) between Tg1 and

TE
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Tg2, the significant band-to-band tunnelling (BTBT) current through various mechanisms, such
as thermally assisted tunneling and hoping through trap states is expected [38]. The sharp
switching apparent in Fig. 3(c) and (d) occurs immediately after the current minimum is

EP

observed. The 3D TCAD simulation results show that the valence band is shifted above the
conduction band at around 0.4 V of the variable gate, however, the current minima in Fig. 3(c)
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and (d) are at gate voltages of ~ -1 V and -0.8 V, respectively. This, in fact, is consistent with the
simulation where the tunnelling window, which is defined as the energy difference between the
valence band edge in the p(n)-doped region and the conduction band edge in the n(p)-doped
region, is shifted into the bias window at those voltages.
When the gate voltages are further reduced, the previously described effect continues, namely
the potential barrier becomes higher and the tunnelling region is increased. The width WT of the

14
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tunnel barrier is also decreased, but this change is relatively limited. Nevertheless, the current
level reached is comparable to the nn configuration in both cases, however, current saturation is
observed for pn biasing but not for np biasing. The 3D TCAD simulation shows that the
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tunnelling barrier is identical for both configuration, thus a different reason has to exist.

The small potential bumps inside of the top gates show a clear, but weaker, modulation
compared to the fully covered areas (see red and blue dots in Fig. 5(c) and (d)). These bumps are

SC

very similar, however, due to the source-drain biasing condition, the bump band energies in the
Tg1 region are up-shifted compared to Tg2. To help understand the consequences of this, the
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different effects governing the transport of a charge carrier from source to drain in the pn
configuration will be described first. Most of the carrier at low temperature (depending on the
thermal distribution in the source region, charge carriers can overcome the source/Tg1 potential
bump and contribute to the thermally activated leakage current) travel along the p-doped channel

TE
D

until they encounter the potential bump within Tg1. This bump will pose some resistance to the
carriers, but due to the thermal activation (we did not measure the device below 5 K) and edgeroughness mediated transport [6] the barrier can be overcome. The charge carrier again enters the

EP

p-doped region until it tunnels into the conduction band through the tunnelling barrier. To reach
the drain electrode, only the potential bump in the Tg2 region (which is fixed in this
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configuration) is of importance. The charge carrier transport in the np configuration is very
similar. However, in the latter case, the fixed bump in the n-type region is in Tg1, and the BTBT
is from conduction to valence band.
The curves in Fig. 4 for 100 K show that, in the np configuration, the current level is
unaffected by VTg1 and keeps increasing after the sharp switching. In contrast, for the pn
configuration, the current level after the sharp switching is approximately constant, and strongly

15
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depends on VTg2. Based on the device design and 3D TCAD results, such a characteristic is only
possible if the transport from source to drain is governed by the Tg2 region, namely, the transport
through the Tg2 region has the highest resistance and this resistance changes with VTg2. The
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potential bump inside Tg2 has a lower energy at a given voltage, thus, for p-doping, the potential
barrier is higher and thermal activation is required to overcome it. These 3D TCAD suggest that
BTBT occurs at the p-n junction, however, the saturation current after the sharp switching

SC

behaviour is dominated by the potential bump and density of states (DOS) below Tg2 for pn and

5.2 Origin of sharp switching
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np biasing configurations.

The sharp switching was observed in the np and pn biasing condition at low temperature (Fig.
3(c) and (d)), when one of the gates is biased so that the valence band edge in the variable gate
region is lifted into the bias window and at the same time above the conduction band edge in the

TE
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fixed gate region. This is evident from the 3D TCAD simulation results in the previous section.
We can thus sketch the simplified band structure of the p-n junction as shown in Fig. 6(a). In the
uniformly nn-doped state, a large drift current is enabled. As the energy of the band edges in the

EP

Tg2 region are shifted up, the drift current is reduced and a thermally activated leakage current
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dominates the transport. Finally, as the band overlap occurs, the tunnelling width WT is abruptly
reduced. As the tunnelling window is formed in the bias window (between EFD and EFS), the
large number of available charge carriers enables the increase of the drain current over five
orders of magnitude with the sharp slope. As the tunnelling energy window is further increased
(VTg2 is further decreased), the sharp switching saturates because the transport through the
remaining parts of the channel limit the allowed current.

16
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5.3 Quantum confinement and Coulomb oscillation
The Id/VTg data at low temperature shows significant peaks of comparable amplitude to the
sharp switching highlighted in Fig. (c) and (d). Due to the EBL-RIE GNR formation method
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used in this work, we have to consider the effect of edge disorder that is unavoidable issue of it.
The carrier transport in GNR based devices is mainly affected by the multiple quantum dots,
Anderson localized states, and the disorder potential [5,6,14,26–28]. For short GNRs, the

SC

multiple quantum dots effect has a stronger effect compared to the Anderson localized states.
The effect of multiple quantum dots is illustrated in Fig. 6(b), where the band structure of a GNR
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with edge disorder is schematically sketched. Varying doping levels, (location of bands in
respect to the Fermi level) can cause the formation of isolated quantum dots along the GNR (Fig.
6 (b1)). Charge carriers have to overcome these potential barriers between the dots, greatly
influencing the current. The shape and number of the dots can change significantly with the

TE
D

slight change of the Fermi level (such as change of gate voltage, compare Fig. 6(b2)), forming
continuous charge puddles. At higher doping levels (higher gate voltages), this effect is strongly
suppressed and the current at higher doping levels in Fig. 3 is smooth. Also, the effect of the

EP

quantum confinement is reduced by thermal smearing, which is apparent when comparing Fig. 3
and Fig. 4. The current spikes in the low-current region sometimes exceed two orders of

AC
C

magnitude, and thus we want to discuss if the reported sharp switching over five order or
magnitude might in fact be due to coincidental oscillation. For this purpose, the Id/Vd curves for
the p-n junction device at different top gate biasing conditions and temperatures is plotted in Fig.
6(c), showing a near-ohmic behaviour for the np configuration. For the intrinsic state (Tg1 and
Tg2 floating), the current level is more than two orders of magnitude lower and exhibit clear nonlinearity (see inset of Fig. 6(c)) which is evidence of a clear Coulomb blockade effect.
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Fig. 6 (a) Proposed band structure model of p-n junction. (a1) In the nn configuration (VTg2 = 4
V), continuous doping leads to high current. (a2) In the ni configuration, only low thermally
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activated leakage current is observed together with coulomb oscillation. (a3) When the valence
band below Tg2 crosses above the conduction band below Tg1, band-to-band tunnelling leads to
sharp increase of current. (b) Schematic illustration of quantum dot formation in GNR with edge

EP

irregularities. The size of charge puddles varies strongly at low doping levels. (c) Id/Vd at various
temperatures and doping configurations. In the intrinsic state, clear Coulomb blockade is

AC
C

observed. For the np configuration, near-ohmic characteristics indicate existence of band-to-band
transport mechanism.

5.4 Temperature dependence of switching slope
The switching slope as function of temperature for the forward biasing condition has been
extracted for various temperatures and is shown in Fig. 7(a). A remarkable independence on

18
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temperature is observed up to 25 K. It is worth to mention here that the SS degradation by
temperature is also observed in conventional semiconductor,[39–41] however, it follows a
continuous increase governed by the thermal activation energy, and the remarkable temperature

probability can be expressed by the WKB approximation [2]:
≈  −
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independence is not expected. By considering the BTBT phenomena, the transmission
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, where WT is the screening tunnelling length, m* is the effective mass, Eg is the energy gap,

∆Ф is the tunnelling window (i.e. the energy difference between the valence and conduction
band right and left of the tunnelling barrier EVD-ECS) and ħ is the reduced Planck constant.
Hence, the SS becomes[42]:
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As can be seen from Eq. (2), the SS modelled by the WKB approximation does not depend on

AC
C

temperature. By using the experimentally determined SS at low temperature, the energy gap of
44 meV and m* = 0.05 m0 [9], we calculate a tunnelling length of 8.3 nm. This value is lower
than the estimated 20 nm from the 3D TCAD simulation results shown in Fig. 5(e). This
disagreement between Eq. (2) and the 3D TCAD simulation might be due to the LER. If a
variation of the tunnelling length occurs at the junction between the p-side and n-side, the
effective tunnelling length at the junction is reduced [43]. For temperatures above 25 K, the
experimental data shows a noticeable deviation. It should be noted that the SS due to BTBT
19
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cannot be observed directly, instead, it is derived from the transport behaviour of the complete
device including irregularities, source/drain leads, OFF-state current and thermally activated
leakage current. The suppression of the latter is greatly reduced at higher temperature [7,11,44]
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when the thermal energy becomes comparable to the energy gap. In fact, in our p-n junction we
observe a rapid increase of the off state current by temperature. Thus, when a different effect
than the increase in tunnelling current becomes more dominant, or the change of current due to
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the measured characteristics do not follow the model.
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BTBT is relatively small compared to other leakage paths, the SS degradation is predicted and
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Fig. 7 p-n (a) Temperature dependence of switching slope and modelling results. A good
agreement is found for WT = 8.3 nm. (b+c) Device resistance as function of temperature in (b) np
configuration (VTg1 = 4 V, VTg2 = -4 V) and (c) nn configuration (VTg1 = VTg2 = 4 V) showing
distinctively different characteristics. (d) Sketch schematically illustrating influence of device
temperature on current contributions. At higher temperature, the thermally activated leakage
contribution increases (above ECD).
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The device resistance as function of temperature is shown in Fig. 7(b) for the np and in Fig.
7(c) for the nn configuration. The drain voltage is 12 mV (3 mV) at low (high) temperature as
mentioned earlier. The resistance increases in both cases at low temperature, which is explained

RI
PT

by the multiple quantum dots effect. For the nn configuration, the curve follows the general trend
of semiconductors, where the increase of temperature is associated with an increase of the charge
carrier concentration, which leads to a decrease in the resistance before phonon scattering leads

SC

to an increase of resistance at increasing temperature. In stark contrast, the resistance in the np
configuration has a minimum at around 100 K, before increasing significantly with temperature.
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The origin of this increase is illustrated in Fig. 7(d), where the band structure of the junction in
the np configuration is schematically sketched together with the source Fermi-Dirac distribution
at low and high temperature, respectively. At low temperature, a larger number of carriers is
available in the BTBT energy window, and the thermally activated leakage current is suppressed

TE
D

(due to the energy gap and low concentration above ECD). With increasing temperature, however,
the FD distribution smears out in a way that the total charge contribution for transport is reduced
(suppression due to energy gap below Tg2 is enhanced). The FD distribution of the carrier within

EP

the bias window changes considerably with temperature. Therefore, the tunnelling current
decreases by increasing the temperature [7]. Finally, above 250 K, the device resistance

AC
C

decreases again (see Fig. 7(b)). This is due to the enhanced thermally activated leakage current.
Note that the absolute resistance at 300 K of ~300 kΩ in the np configuration is still considerably
higher than in the nn configuration (~160 kΩ), signifying the presence of the potential barrier.
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6 Conclusion
The sharp switching behaviour observed in a graphene p-n junction with a finite bandgap of

RI
PT

~44 meV shows good agreement with a device model based on band-to-band tunnelling. When
the channel is modulated continuously by the back or synchronized top gates, the sharp
switching is not observed due to the lack of BTBT. The asymmetry between np and pn

SC

configuration is explained as a consequence of the top gate misalignment. Device simulations
shows that potential bumps are formed in the unmodulated channel regions, which affect the bias

M
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window differently. The current noise in the OFF-state is caused by the edge roughness induced
by the reactive ion etching technique to pattern the GNR. Finally, we show the temperature
dependence of the switching slope and the device resistance, highlighting that the observed
device characteristics can only be explained by BTBT.
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