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The precise engineering of the graphene crystal structure at the atom level, enabled by the recent
advances in synthesis approaches, has driven a renewed surge of interest in graphene nanoribbons
(GNRs), whose electronic properties can be tuned by the arrangement of atoms at their edges.
This technological option opens up the possibility of devising alternative devices based on carrier
transport through topological states. In this work, by means of multiscale calculations we investigate
field-effect transistors based on topological GNRs with shaped edges, demonstrating the possibility
of obtaining large negative differential transconductance effects, beating the Boltzmann limit for
thermionic injection.

I. INTRODUCTION

After more than 15 years, graphene keeps attracting
a big part of the research interests in the field of mate-
rials science. The progresses resulting from the syner-
getic mix of theoretical analysis and experimental find-
ings have opened the exploration of fields like spintronics
based on magnetic configurations in zig-zag nanoribbons
[1], valleytronics linked to topological states in bilayer
graphene [2, 3], and, more recently, twistronics in pre-
cisely oriented graphene layers leading to superconduc-
tivity at low temperature [4].

The prospects have been sharply boosted by the tech-
nical capability to engineer the two-dimensional crystal
structure at the atomic scale. The most advanced mate-
rials design is nowadays available for graphene nanorib-
bons, where thanks to a bottom-up synthesis driven by
molecular precursors [5], it has been demonstrated that,
by engineering nanoribbons with varied choreographed
shapes, it is possible to, e.g. i) obtain type I and
type II heterojunctions, (junctions of a small- and a
large-bandgap GNR, where the bandgap of the former
lies within bandgap of the latter; or junctions where
the bandgaps are staggered) [6, 7], ii) create individ-
ual 1D channels by destructive quantum interference
in nanoporous structures [8, 9] or iii) devise topologi-
cal states at junctions between nanoribbons of different
width [10, 11]. In spite of the variety of breakthrough
experimental findings and of the theoretical understand-
ing at the materials level, it is not evident how to exploit
these electrical properties at the device level.

In this work we investigate a particular family of
GNRs with choreographed width. To this purpose, we
combine tight-binding calculations of the bandstructure,
that have been demonstrated to be in excellent agree-
ment with the experimental observations [10, 11], and
quantum transport simulations within the framework
of Non-Equilibrium Green Functions [12] that are self-
consistently solved with the 3D Poisson equation, in or-
der to determine the device performance in the ballistic
regime. The particular shape of the GNR bandstructures
results in the observation of two effects of interest: i) a
pronounced negative differential transconductance, and

ii) a current modulation below the Boltzmann limit at
room temperature.

II. ENGINEERED GRAPHENE NANORIBBONS

Engineering the edges of a GNR introduces many de-
grees of freedom in the design space, since edge proper-
ties directly alter GNR electronic properties. Amongst
the several possibilities, we have opted for two families
of armchair GNRs (AGNRs). Specifically, we have con-
sidered N -AGNRs, being N the number of atoms in the
GNR transverse direction, that are extended in a sym-
metric (also called in-line) or asymmetric (staggered) ar-
rangements, to (N + 4) atoms in the case of the in-line
structure or (N + 2) atoms for the staggered one; as in
Figure 1(a) and and (d), where the pristine backbone
GNR is shown in blue, while the decoration is highlighted
with transparent red lines.

The length of the wider GNR segments and their dis-
tance unambiguously determine the structure. In partic-
ular, we use a double index notation (n,m), according to
Ref. [11] , with n specifying the length of the wider seg-
ment, while the index m specifies the distance between
two successive wider segments. The indexes n and m
are counted in integers of the bare AGNR unitary cell,
i.e. n · 3acc and m · 3acc, where acc is the carbon-carbon
distance, (see Figure 1(a) and (d).

To the purpose of device design, among a broad range
of available options, we have opted for N = 7 atoms. We
have considered m = 2, fixing the distance between ex-
tended segments, while we have varied their length from
n = 3 up to n = 8 (see Figure 1(a) and (d). The resulting
band-structures, as calculated from tight-binding (TB)
model, are shown in Figure 1(b) and (e). The TB calcu-
lations have been shown to reproduce the actual band-
structure obtained from ab-initio simulations and exper-
imental results [10, 11]. The TB Hamiltonian, following
Ref. [11], is a pz orbital nearest neighbour model with a
hopping parameter t = 3.0 eV. As can be seen, this se-
lection of N , n and m is already representative of really
different electronic behaviours, depending on the GNR
shape. In particular, in-line and staggered geometries
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FIG. 1. Schematic choreographed 7-AGNR, 7 being the number of C atoms of the pristine GNR in the transverse direction, in
the (a) in-line and (d) staggered configurations, also exemplifying the double index notation (n,m) in the case (3, 2). Density
of states and bandstructure of different GNRs calculated from the TB Hamiltonian with m = 2 and n varying from 3 to 8 for
the (b) in-line and (e) staggered configurations. (c) Projected density of states of the first quantized level in the conduction
band for a (4, 2) (c) in-line and (f) staggered GNR.

show opposite behaviour of the bandgap with increasing
n, i.e. decreasing from 0.58 eV for n = 3 to 0.26 eV for
n = 8 in the in-line structures, and increasing from 0.41
eV for n = 3 to 0.64 eV for n = 8 in the staggered struc-
tures. The effective mass at the Γ point shows a similar
trend, decreasing from 0.30 m0 for n = 3 to 0.13 m0

for n = 8 for in-line GNRs and increasing from 0.26 m0

for n = 3 to 0.41 m0 for n = 8 for staggered struc-
tures, with m0 the electron mass. The associated density
of states, calculated using a Gaussian smearing function
with σ = 25.9 meV, is plotted in Figure 1(b) and (e)
showing a non-monotonic trend (with pronounced val-
leys) that is steeper as n is increased. More importantly,
the states defining the valence and conduction bands are
localized at the atoms that define the transition between
different segments (Figure 1(c) and (f) and, with the ex-
ception of the staggered (n,m) = (3, 2), are topological,
as it has been demonstrated, using a topological invariant
based on Zak phases, in [11]. The longitudinal distance
between the atoms defining the topological states, i.e the
ones yellow-coloured in the projected density of states in
Figure 1(c) and (f), vary from 19.88 Å in the staggered
nanoribbon to 2.84 Å in the in-line GNR.

III. TOPOLOGICAL DEVICES

Here, we study the performance of topological de-
vices, exploiting the decorated GNR discussed in the
previous section as channel material. The topological
states are expected to command the device operation,
being the space localization and energy quantization as-
sociated to these states determinant for the electronic
transport. To the purpose of analysing this aspect,
the TB Hamiltonian is used in the NanoTCAD ViDES
suite [13, 14], where quantum transport and electrostat-
ics are self-consistently solved, at room temperature, i.e.
T = 300 K. As shown in Figure 2 we have considered a
double-gate field-effect transistor (FET) where Lch and

LS/D are the channel and source/drain lengths, respec-
tively. The gates are isolated from the GNR by top
and bottom dielectric layers with equivalent silicon ox-
ide thickness tox = 0.5 nm. The source and drain are
heavily doped with donors, in order to align the Fermi
level with the middle energy of the conduction band;
e.g. for the (4, 2) in-line GNR the energy degeneracy
at source/drain is 0.4 eV. Given the symmetric nature
of the bands, equivalent results can be expected for hole
transport.

First, we have investigated the transfer characteristics,
i.e., drain current, IDS, vs. gate voltage VGS, of several in-
line and staggered GNRs with different n, i.e., n = 3 . . . 8
(as shown in Fig. 3) for a drain-to-source voltage VDS =
0.1 V. The channel and source/drain lengths are an in-
teger multiple of the GNR unit cell, resulting in channel
and source/drain lengths varying with n = 3 · · · 8 from
Lch/LS/D = 6.8 nm up to Lch/LS/D = 15.3 nm. For a fair
comparison, we have assumed the same device lengths for
both the in-line and the staggered GNRs.

For both types of nanoribbons, a sharp negative differ-
ential transconductance (NDTC) effect can be observed.

FIG. 2. Schematic of the double-gate FET with a decorated
GNR as channel. tox, Lch and LS/D are the equivalent oxide
thickness, channel length, and source/drain length, respec-
tively.
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FIG. 3. Transfer characteristics in linear (left) and semiloga-
rithmic (right) scale of the in-line (top) and staggered (bot-
tom) GNR FETs for VDS = 0.1 V.

The NDTC is motivated by the strong energy quantiza-
tion of the GNRs bandstructure –discussed later in more
detail from the local density of states (Figure 4)–, with a
transport mechanism associated to the topological states
localized at the transitions between different segments of
the GNR, that enable large current modulations.

In particular for the in-line structures, the peak-to-
valley ratio is as large as two orders of magnitude for
n = 8 reducing to a factor of 5 for n = 3. The NDTC
transition is steep, occurring in a few tens of mV for
n = 6 − 8, with calculated slopes of a 11 mV per decade
for n = 7 and 8 in-line GNRs. Additionally, the con-
ductive peak is widened as n is reduced, corresponding
to the broader DOS associated to the conduction band
in these structures (Figure 1(b) and (e). The onset of
the p-type conduction can also be observed (in the semi-
logarithmic plot) for higher values of n in the in-line
structures, driven by inter-band tunnelling mechanisms.

The NDTC effect is a consequence of the misalign-
ment of the high DOS peaks at the channel and at the
source, being the energy of the former shifted with VGS.
This argument is discussed in Figure 4 where (a) the lo-
cal density of states (LDOS) is plotted as a function of
the longitudinal position, and b) the current spectrum is
plotted vs. energy. Both magnitudes are shown for the
(6, 2) in-line GNR, and two different gate voltages before

and after the NDTC transition. First, a strong quantiza-
tion of the DOS appears in the channel as a consequence
of the spatial confinement, leading to a sharp change in
the LDOS available within the transport window. As VGS

is increased from 0.6 V to 0.8 V, the quantized LDOS is
suppressed in the transport window, as can be seen in
the LDOS, and, as a consequence, the current spectrum
falls abruptly in this energy range (Figure 4(b), directly
impacting in the IDS.

FIG. 4. (a) Local density of states (LDOS) as a function of the
energy and longitudinal position, and (b) Current spectrum
in linear and semi-logarithmic scales, for two VGS bias close to
the NDC transition for the in-line (n,m) = (6, 2) structure.
The Fermi level at the source, µs, and at the drain, µd, are
marked in both figures.

In light of the strong impact that the sharp and
non-monotonic transitions in the DOS have on the ON
state transfer characteristic, we have further analysed
the possibility to use the GNR band-structure to ob-
tain a steep OFF-ON switching of the FET exploring
different channel lengths. In particular, we explore the
potential to reach a sub-maxwellian sub-threshold swing
(SS), defined as the inverse of the slope of the log(I)-VG
curves, through DOS limited injection, therefore seek-
ing low power operation. This proposal, that utilizes
a sharp density of states as a cold source, has been
very recently introduced as a way to beat the Boltz-
mann limit of 60 mV/dec at room temperature in FETs
based on carbon nanotubes [15], MoS2 [16, 17] and lat-
eral heterostructures of 2D materials [18], but, as we will
show, this effect is more pronounced in the proposed de-
vices. In order to observe it in GNRs, we have chosen
(n,m) = (4, 2), varying the channel length from ∼ 5 nm
up to ∼ 17 nm, so that the tunnel current in the OFF
state is eventually suppressed.

Figure 5 shows the obtained transfer characteristics
in semilogarithmic scale for VDS = 0.1 V. As can be
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FIG. 5. (a) Transfer characteristics in semilogarithmic scale
for the in-line (left) and staggered (right) GNRs FETs for
different channel lengths for VDS = 0.1 V. The 60 mV/dec
Boltzmann limit is also shown. (b) Current spectrum for two
channel lengths (Lch = 8.52 nm and Lch = 17.04 nm) and
two gate voltages in the sub-threshold region in the in-line
and staggered structures.

seen, SS is reduced as Lch is increased with the sup-
pression of the intra-band tunneling. When injection
is not dominated by tunneling, SS can be as small as
11 mV/dec (23mV/dec) for the staggered (in-line) struc-
tures with Lch = 17.04 nm and 26 mV/dec (53 mV/dec)
for Lch = 12.78 nm. This effect is due to the sharp
variation of the DOS associated to the choreographed
GNRs that is able to boost the current over the Fermi
distribution tail (that constrains SS to the Boltzmann
limit) and to the gate control of the channel potential
barrier. The mechanism is more clearly appreciated in
Figure 5(b) considering the current spectrum vs. en-
ergy, shown for two channel lengths (Lch = 8.52 nm and
Lch = 17.04 nm) and two gate voltages in the in-line
and staggered structures. It is clear the steep change in

both configurations for the longer channel, where tun-
neling is suppressed, with a high peak just at the border
of the conduction band channel barrier, which is close
to 0.55 eV (0.50 eV) in the in-line (staggered) longer
devices. For the shorter channels, instead, the trend is
clearly tunnel-dominated and softened by the transport
energy window, with µs = 0.425 eV and µd = 0.325 eV,
undermining the observation of an SS< 60 mV/dec.

IV. CONCLUSION

FETs using as channel GNRs with choreographed
edges have been analysed by means of self-consistent elec-
trostatic and quantum transport simulations. The ex-
ploitation of a portion of the whole configuration space
shows that the strong quantization of the topological
states (associated to those atoms localized at the transi-
tion between GNRs of different width) leads to promis-
ing features in the device characteristics. We have ob-
served that a strong negative differential transconduc-
tance (NDTC), with peak-to-valley ratios ranging from
∼ 5 up to ∼ 100 can be achieved. The edge structure
is relevant to device operation being the NDTC effect
more prominent for in-line, i.e. symmetrically patterned
GNRs. Additionally, the DOS quantization enables a
sub-maxwellian distribution of thermionically injected
charge carries leading to an SS of the current-voltage
characteristics as small as 11 mV/dec for staggered struc-
ture and 23 mV/dec for the in-line structure.
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