
Gate-controllable negative differential conductance in graphene tunneling transistors

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2012 Semicond. Sci. Technol. 27 105018

(http://iopscience.iop.org/0268-1242/27/10/105018)

Download details:

IP Address: 128.233.210.97

The article was downloaded on 04/03/2013 at 21:59

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0268-1242/27/10
http://iopscience.iop.org/0268-1242
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING SEMICONDUCTOR SCIENCE AND TECHNOLOGY

Semicond. Sci. Technol. 27 (2012) 105018 (7pp) doi:10.1088/0268-1242/27/10/105018

Gate-controllable negative differential
conductance in graphene tunneling
transistors
V Hung Nguyen1,2, Y M Niquet1 and P Dollfus3

1 L_-Sim, SP2M, UMR-E CEA/UJF-Grenoble 1, INAC, F-38054 Grenoble, France
2 Center for Computational Physics, Institute of Physics, VAST, PO Box 429 Bo Ho, Hanoi 10000,
Vietnam
3 Institut d’Electronique Fondamentale, UMR8622, CNRS, Université Paris-Sud, F-91405 Orsay, France
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Abstract
The transport characteristics and the possibility of controlling the negative differential
conductance (NDC) in graphene tunnel field-effect transistors are investigated by means of
numerical simulation. We find that an NDC effect can be achieved while the peak current and
the peak-to-valley ratio (PVR) are controllable by tuning the gate voltage. Moreover,
compared to the case of P–N junctions (Esaki diodes), the controllability of the potential
profile in the gated region is shown to make the peak current higher and the PVR much less
sensitive to the transition length between the two highly doped zones of the source and drain
contacts. This work can stimulate further applications of this device in the field of
high-frequency circuits, besides its potential for low-power digital operation.

(Some figures may appear in colour only in the online journal)

1. Introduction

The tunnel field-effect transistor (TFET) is a device where
the inter-band tunneling current from the p-doped source
contact to the n-doped drain one can be turned ON and
OFF by tuning the gate voltage. This kind of device has a
strong potential for low-power digital applications because of
low OFF current and steep subthreshold swing that can be
less than 60 mV/decade at room temperature (see the recent
review [1] and references therein). However, the choice of
a good material for designing TFETs is still a debate due
to various constraints regarding material properties, material
quality and processing issues. For instance, a Si TFET has a
low ON current due to the large Si bandgap, while materials
with smaller bandgaps such as Ge can be used alternatively
but at the expense of an increased OFF current [2]. In this
context, carbon-based materials (i.e. carbon nanotube and
graphene nanostructures) with various possibilities of bandgap
engineering appear to be very promising for TFET applications
[3–9] thanks to the Zener tunneling current higher than in
conventional semiconductors [10].

Besides the characteristics above, the TFET is also a good
candidate for RF electronic applications since it can exhibit a
strong negative differential conductance (NDC) effect when a
drain voltage is applied to the p-doped zone [11], as in the well-
known Esaki tunnel diode [12]. Compared to the tunnel diodes,
this device additionally provides the possibility of controlling
the potential profile in the center zone between the two heavily
doped contacts. On this basis, the TFET shows a good ability
to control the inter-band tunneling current and the peak-to-
valley ratio (PVR) with the gate, which may be very useful for
high-frequency applications [1, 13–17].

Graphene-based TFETs have been already studied with a
view to digital applications [5–9], but to our knowledge their
ability to exhibit a gate-controllable NDC effect has not yet
been investigated properly. This work aims at filling this gap
by means of self-consistent simulations based on the Green
function technique within an atomistic tight-binding model. In
section 2, we present briefly the model used and the simulated
device. We also discuss the possibilities of inducing the
bandgap in graphene needed for TFET operation. We consider
especially the case of graphene on a hexagonal boron nitride
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Figure 1. Sketch of the considered graphene TFET (a) and its band diagram in the different states of high peak current (b), low peak current
(d) and valley current (c).

(h-BN) substrate. The results are presented and discussed in
section 3, while the conclusion is drawn in section 4.

2. Model and simulated device

The simulated graphene TFET together with its band diagram
in the different states of peak and valley currents are
schematized in figure 1. Similar to what happens in the tunnel
diodes [12, 18–20], at a low bias the peak current is mainly
governed by the inter-band tunneling through the junction
(see the diagrams in figures 1(b) and (d)). The valley current
occurs at a high bias when the contribution of the inter-
band tunneling is reduced (see the diagram in figure 1(c)).
In addition, as illustrated schematically in the diagrams of
figure 1 and demonstrated below, the inter-band tunneling in
this device is also tunable by changing the gate voltage, which
results in the possibility of controlling the peak current and the
PVR.

We assume the transverse width of the graphene sheet
to be much larger than the typical device length along
the transport direction (i.e. a few tens of nanometers), so
that Bloch periodic boundary conditions can be applied in
the transverse direction [20]. Our approach is based on a
nearest-neighbor tight-binding Hamiltonian [21] which is
solved self-consistently with the 2D Poisson equation using
the Green function technique [22]. To achieve the transport

characteristics discussed above, a finite bandgap in graphene is
a key point. Different methods have been proposed to generate
such a bandgap in 2D graphene sheets, with the value ranging
from a few to hundreds of meV [23–38], which has stimulated
investigations of various graphene nanodevices [9, 18, 20, 39–
42]. In particular, a bandgap can be achieved in graphene on
an h-BN substrate [23–29], by doping and impurities [30, 31],
by inserting a nanohole lattice into the graphene sheet [32], by
applying a vertical electric field to bilayer graphene [33], or by
some other methods [34–38]. In what follows, we especially
focus on the device wherein the monolayer graphene channel
is supported on an h-BN substrate. On the one hand, it has
been predicted that in the case of Bernal stacking on h-BN, a
bandgap can open in graphene and reach the value of 53 meV
[23] or 100 meV [24]. The bandgap may even increase up to
more than 200 meV under external pressure [25–27]. On the
other hand, it has been recently shown that graphene on h-BN
has higher mobility than on any other substrate [43], i.e. about
275 000 cm2 Vs−1 at low temperature and 125 000 cm2 Vs−1 at
room temperature [44], which makes it reasonably possible to
achieve ballistic transport in realistic devices. We thus propose
to use this material as the substrate of simulated graphene
TFETs to take advantages of both the bandgap engineering
and the high-carrier mobility. Besides, similar to the case of
bilayer graphene, it has been shown in [28] that the bandgap
of monolayer graphene sandwiched between two h-BN layers
can be tuned by a strong (typically ∼ 10 V nm−1) electric
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Figure 2. I − Vds characteristics of graphene TFET at different gate voltages Vgs and for different bandgaps: Eg = 0.1 eV (a) and 0.2 eV
(b). Everywhere, the gate length is Lg = 20 nm, the gate insulator thickness Tins = 4 nm and the doping concentration ND = 2.5 × 1016 m−2

in the heavily doped contacts.

field (gate voltage). However, this effect shall be negligible
[29] here, since the applied electric field is limited to about
0.1 V nm−1. The bandgap of graphene was hence considered
to be independent of the gate voltage and chosen in the energy
range mentioned above, i.e. from 0.1 to 0.3 eV.

In conventional semiconducting devices, it is usually
necessary to include the effect of different scattering
mechanisms in the simulation such as the electron–phonon
interaction. Additionally, in devices where bipolar transport
occurs, carrier generation and recombination processes may
play an important role. However, on the one hand, in
2D graphene sheets the mean free path of electrons is
typically larger than 400 nm even at room temperature [45].
On the other hand, some investigations have shown that
the generation/recombination time in graphene is typically
longer than 1 ps [46]. With an average drift velocity
〈νd〉 � 5 × 105 ms−1 [47], the generation/recombination
length is thus larger than 500 nm. Since these characteristic
lengths are much longer than the typical size of the
simulated device, both the electron–phonon scattering and the
carrier generation/recombination processes were appropriately
neglected here, i.e. our simulations have been performed in the
ballistic approximation.

3. Results and discussion

We now go to explore the transport characteristics of graphene
TFETs. All simulations were performed at room temperature.
In figure 2, we display the obtained I − Vds curves at different
gate voltages and for two different graphene bandgaps:
Eg = 0.1 eV (figure 2(a)) and 0.2 eV (figure 2(b)). A gate-
controllable NDC effect is clearly observed in figure 2. The
peak current is high when the charge density in the gated
region is high (e.g., see the cases of Vgs = −0.32 V for

p-type carriers and 0.32 V for n-type ones), and the NDC
effect disappears when the density is low (see the case of
Vgs = 0 V). This feature is clearly explained by the diagrams
of figure 1 as discussed above. In fact, the current through
this device can be split into three components: the thermionic
transmission, the direct source–drain (DSD) tunneling and
the inter-band tunneling. While the first two components are
always small but can contribute significantly as leakage in the
valley regime, the latter one is generally high and can result in
a high peak current. In principle, to efficiently switch off the
valley current, a large bandgap is essentially required. Indeed,
it is shown clearly in figure 2 that an increase of the bandgap
strongly reduces the valley current. Therefore, though the peak
current is reduced too, the NDC effect is more pronounced,
i.e. the maximum value of PVR is about 2.2 in figure 2(a)
for Eg = 0.1 eV and ∼8 in figure 2(b) for Eg = 0.2 eV.
However, due to the reduced peak current, the PVR may reach
a maximum value and then reduce when further increasing Eg.
For instance, the PVR varies from ∼8 to ∼2 when changing Eg

from 0.2 to 0.3 eV (not shown) in the same device. This result
suggests that the best device operation (either a high peak
current or a large PVR) is obtained for a moderate bandgap
(e.g., ∼0.2 eV here) and, as discussed in [18] for graphene
P–N junctions, with a potential-energy difference between the
source and drain contacts at the zero bias about two times larger
than Eg.

To see more clearly the gate-controllable NDC effect,
we display in figure 3(a) the evolution of peak current Jp,
valley current Jv and PVR with respect to the gate voltage
for the optimum case Eg = 0.2 eV. Indeed, the Jp − Vgs curve
exhibits a typical form of gate-controlled current in TFETs [1].
Additionally, we find that the valley current Jv is reached at
lower Vds (see figure 2) and its value reduces when tuning the
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Figure 3. (a) The peak, the valley currents and the PVR as a function of Vgs for Lg = 20 nm. The peak (b), the valley (c) currents and the
PVR (d) as a function of Lg for different Vgs. The other device parameters are the same as in figure 2(b).

gate voltage from the high peak-current state to the low peak-
current state. However, thanks to the strong Vgs dependence
of the peak current, the PVR is strongly tunable by the gate
voltage.

Since the characteristics observed above are essentially
due to the controllability of the potential profile in the gated
region, the device operation may be influenced by the gate
length, especially, in the short-channel case. To examine this
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Figure 4. ((a) and (c)) Local density of states together with the band profile (red-solid lines). ((b) and (d)) Current spectrum plotted as a
function of energy in the peak current (Vds = 50 mV in (a,b)) and the valley-current (Vds = 120 mV in (c,d)) regimes. The gate voltage
Vgs = −0.28 V and the other device parameters are the same as in figure 2(b).

effect, we show the peak current, the valley current and the
PVR as a function of gate length Lg in figures 3(b), (c) and
(d), respectively. Generally speaking, it is shown that both the
peak and the valley currents are reduced when increasing the
gate length. It is nothing but the consequence of the reduced
DSD tunneling, i.e. the short-channel effect. This feature is
clearly illustrated by the pictures of current spectrum shown
in figure 4: while the inter-band tunneling and thermionic
components seem to be unchanged, the DSD tunneling current
is strongly reduced when increasing Lg. When the gate is
long enough, this DSD component vanishes and the total
current reaches its saturation value (see in figures 3(b) and
(c)). This saturation value is essentially determined by the
remaining (inter-band and thermionic) components, which are
Lg-independent (see in figures 4(b) and (d)). Moreover, we
find from figure 3(b) that when the device is in the high peak-
current state, the peak current is weakly sensitive to the gate
length, i.e. when increasing Lg from 20 to 60 nm Jp is reduced
by ∼ 0.12 mA mm−1 for Vgs = −0.28 V, while it is reduced
by ∼ 0.36 mA mm−1 for Vgs = −0.12 V. This result is well
explained by the relative contribution of DSD tunneling to the
current, which is more important when the device is in the low
peak-current state, as illustrated schematically by the diagrams
of figures 1(b) and (d). Finally, due to the Lg dependence of
the peak and the valley currents discussed above, we find from
figure 3(d) that the PVR increases and reaches its saturation
value when the gate length is large enough, e.g., larger than
∼ 40 nm in the device considered here.

Another important point to consider is the influence of
the transition region between the different doped zones on
the device operation. An increase of the transition length is
known to strongly degrade the value of peak current and PVR
in the P–N junctions [18–20]. This is basically explained by
the fact that the larger the transition length, the smaller the
slope of potential profile and hence the stronger the influence
of evanescent states in the transition region on the inter-band
tunneling current. To investigate the effect of the transition
region in TFETs, we compare in figure 5 their potential profile
for different gate insulator thicknesses Tins with that of an
ungated P–N junction having the same distance between the
two heavily doped zones. It appears that the slope of the
potential profile in the transition region between the gated and
the heavily doped zones of the TFETs increases when reducing
the gate insulator thickness and is steeper than that in the
transition region of the P–N junctions. Moreover, differently
from the case of the P–N junctions, the slope of the potential
profile seems not to be affected by an increase of the distance
between the two heavily doped contacts if the gate voltage is
applied over the whole channel, e.g., compare the two cases
of Lg = 20 and 40 nm (with the same Tins = 4 nm) in figure 5.
This property leads to the fact that (i) a gate voltage applied to
the tunnel FET can make the peak current and the PVR higher
than those in the P–N junction (see in the inset of figure 5),
and (ii) the NDC effect is weakly sensitive to Lg in the former
device (see in figure 3 ), while the peak current and the PVR are
strongly reduced when increasing the transition length in the
latter one [18]. It suggests a good way to avoid the sensitivity of
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Figure 5. The potential profile of graphene TFET at Vds = Vgs = 0 for different gate insulator thicknesses Tins in comparison with that of a
P–N junction. The inset shows the I − Vds characteristics at Vgs = −0.28 V of a tunnel FET in comparison with that in the P–N junction with
the same length Lg = 30 nm. The other device parameters are the same as in figure 2(b).

the operation of P–N junction devices to the transition length
without developing any technique to design complex graphene
hetero-structures with a gapless transition region [19, 20].

4. Conclusion

In this work, we have investigated the transport characteristics
of graphene tunnel FETs using atomistic quantum simulation
and discussed the possibility of controlling the NDC effect.
We find that a strong NDC effect at room temperature can be
achieved in gapped graphene tunnel FETs, while the current
peak and the PVR are controllable by tuning the gate voltage.
The role of device parameters such as the gate length and the
gate insulator thickness has been analyzed. As an important
result, we have shown that, in comparison with the graphene
P–N junction where the PVR is strongly dependent on the
transition length, the gate controllability of the potential profile
in the device channel makes the PVR in the TFET higher and
weakly sensitive to the gate length (distance between the two
highly doped contacts). Provided that the appropriate bandgap
of about 0.2 eV may be generated in graphene, we believe that
the proposed device is a valuable option to achieve circuits
operating at very high frequency with limited problems of
variability which are known to reduce the applicability of
tunneling devices. The concept could be extended to other
carbon-based nanostructures as carbon nanotubes, graphene
nanoribbons, graphene nanomesh and bilayer graphene, or to
other small bandgap and low effective mass semiconductors.
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