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An armchair graphene nanoribbon switch has been designed based on the principle of the Klein para-

dox. The resulting switch displays an excellent on–off ratio performance. An anomalous tunneling

phenomenon, in which electrons do not pass through the graphene nanoribbon junction even when

the conventional resonance condition is satisfied, is observed in our numerical simulations. A selective

tunneling rule is proposed to explain this interesting transport behavior based on our analytical results.

Based on this selective rule, our switch design can also achieve the confinement of an electron to form

a quantum qubit.

Keywords switch, Klein paradox, graphene nanoribbon, selective tunneling

PACS numbers 85.65.+h, 73.63.-b, 73.61.Wp

1 Introduction

The recent fabrication of graphene has attracted a lot
of research interest [1–6]. Graphene consists of a single
atomic layer of graphite arranged in a honeycomb pat-
tern, which has been shown to be a remarkable conductor
in which electrons behave as massless, relativistic parti-
cles [1–3]. Recently, Geim’s group proposed an experi-
mental realization predicting the so-called Klein paradox
in a two-dimensional (2-D) graphene system [7]. The
Klein paradox is a counterintuitive relativistic process
in which the electron can pass through a potential bar-
rier without exponential decay if its height exceeds the
electron’s rest energy [7, 8]. Based on this Klein para-
dox design, graphene-based field effect transistors (FET)
could be achieved, but these transistors have poor on–
off ratios due to the minimal conductivity of the 2-D
graphene structure [1, 7].

A simple type of graphene based quasi-one-
dimensional system with nanometer sized width, referred
to as graphene nanoribbons, has been studied exten-
sively [9, 10, 13–19]. The edge carbon atoms of graphene
nanoribbons have two typical topological shapes: namely
armchair and zigzag. Zigzag graphene nanoribbons
(ZGNRs) have a localized state near the Fermi level,
which originates from a gauge field produced by lattice

deformation [9]. Such a localized state, however, does
not appear in armchair graphene nanoribbons (AGNRs).
The energy gap of AGNRs can be easily tuned by con-
trolling its width [10]. This remarkable characteristic is
very attractive in making graphene nanoribbon based
nanoscale devices. Moreover, a graphene nanoribbon
is easier to manipulate than a carbon nanotube (CNT,
which can be used to produce switch and rectifier [11,
12]) due to its flat structure, and thus it can be tailored
by using conventional lithography techniques.

Here, we design a graphene nanoribbon switch by uti-
lizing the principle of the Klein paradox and study the
associated tunneling problem in a quasi-one-dimensional
system. We show that our designed switch overcomes the
intrinsic limit of the 2-D graphene switch, and displays
an excellent on–off ratio performance.

2 Model and computational method

We consider a semiconducting AGNR connecting to left
and a right metallic armchair graphene leads. Due to the
band gap in our junction, the electron within the energy
gap is prohibited to transmit through the junction with-
out an applied gate voltage, and the graphene switch
stays in the “off” state. The junction can be turned
“on” when an external gate voltage exceeds a thresh-
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old voltage. The applied gate voltage shifts the valence
subbands of the graphene nanoribbon upwards to serve
as conducting channels. This observation realizes the
main feature described by Klein paradox and the elec-
tron can pass through the high potential barrier. Our
setup is shown in Fig. 1. The bottom subgraph of Fig. 1
shows the atomic structure of the graphene junction in-
cluding three regions: left lead, middle graphene region,
and right lead. Both leads have the same width with
W = 3m − 1 to ensure that they are metallic within
tight-binding approximation (actually, the AGNRs with
such a width are semiconductor with the least energy gap
at the density functional theory level [12]). The width of
the middle region is chosen to be W+4 so that it is semi-
conducting [10]. The top subgraph in Fig. 1 shows the
dispersion relation of the left, middle and the right re-
gion of the switch, respectively. The dashed line denotes
the energy E of incident electrons. U is the external
potential applied to the middle graphene region. Unlike
the conventional parabolic semiconductor energy band
diagram (E ∝ k2), the energy of the lowest conduction
subband in the lead is linearly proportional to the vector
k [2]. This dispersion relation indicates that carriers in
this channel are massless.
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Fig. 1 Schematic diagrams of the energy band dispersions and
the proposed graphene switch.

The conductance G of the switch is calculated by us-

ing the Landauer-Büttiker formula
(
G=

2e2

h
T
)
[20]. The

transmission function T is obtained by the recursive
Green’s function method [21, 22]. Here, we assume that
edge bonds of the graphene nanoribbon are saturated
by hydrogen atoms, no defects and distortion exist in
system. In order to ensure the incident electron energy
lies within the single-mode region of the leads and also in
the gap of the middle graphene region, we choose E<min(Δ1

2
,Δz

)
. As shown in Fig. 1, Δ1 is the band gap be-

tween the lowest conduction subband and the upmost
valence subband of the junction, Δz is the energy spac-

ing between the bottom of conduction subbands and the
next subband within the lead. In the following simu-
lations, we set W=23 and thus obtain the correspond-
ing Δz=0.65 eV, Δ1=0.38 eV and Δ2=0.79 eV by the
nearest neighbor tight-binding band structure calcula-
tion [22].

3 Results and discussion

The calculated conductances are shown in Fig. 2. By ap-
plying an external gate voltage at the middle graphene
region, a potential barrier U appears. In general, if the
chosen voltage potential makes the energy of incident
electron touch the first top of the valence subband of the
junction, the incident electron can easily pass through
the junction as expected and the switch should be turned
“on”. However, our simulation result shows that the in-
cident electrons are almost reflected completely and the
conductance remains almost zero. This phenomenon im-
plies that the carrier has to satisfy an additional condi-
tion to pass through the potential barrier.

Fig. 2 Conductance vs. the potential height in the single-mode
region with different length of the junction. Here W = 23 and
E = 0.05 eV. The conductance oscillates above the envelope line
plotted with dash dot line.

When the potential barrier U increases further, the
switch turns “on” and the first resonant transmission
peak appears around U=0.51 eV for L=20. This be-
havior can be easily understood by the Klein’s paradox.
That is, with the help of the hole’s channels, the elec-
trons can transfer through the large potential barrier
without exponential decay. The conductance oscillates
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above the envelope line and increases as U increases due
to the resonance and antiresonance transports, as shown
in Fig. 2. Although more channels can allow electrons to
pass through and more resonance matching conditions
can be satisfied as U increases, T never exceeds 1. The
reason is that the energy of the incident electron is lim-
ited within the single-mode region in our calculations.
As the length of the junction increases, the first resonant
peak becomes sharper and shifts towards the left slightly
and more resonant peaks appear. These observations can
be easily understood by the conventional resonance con-
dition. However, to produce the first conductance peak,
the condition U> Δ2/2 + E=0.44 eV is still required.
This result strongly suggests that this peak results from
the second valence subband.

To verify the above conjecture, Fig. 3 shows the con-
ductance as a function of the junction length L calcu-
lated by fixing E=0.05 eV and U=0.5 eV. Such a choice
provides two conducting channels in the middle region
for electrons passing through the junction. In general,
the conductance curve should be complicated with some
glitches due to the quantum interference between two
channels [23]. Surprisingly, our numerical result exhibits
a regular periodicity as a function of L in Fig. 3. Based
on the detailed analysis of this conductance period with
the conventional resonance condition, we find that only
the second valence subband provides a channel to allow
incident electrons to pass, and the first valence subband
does not contribute. We also perform similar simulations
with different widths (W=17 and 20) and the same phe-
nomenon is observed.

Fig. 3 Conductance versus the length of the junction with W =
23, E = 0.05 eV and U = 0.5 eV.

Generally speaking, to pass through the middle region,
electrons have to satisfy the conventional resonance con-
dition which usually describes the transfer of an electron
through a junction via resonant tunneling (T = 1) due
to the phase accumulation. It works well in conventional
semiconductors when the Schrödinger equation is used.
In our switch model, the valence subbands in the middle
region can be shifted upwards with the applied exter-
nal gate voltage to provide conducting channels. When
electrons satisfy the conventional resonance condition,
qxL=Nπ with N=0, ±1, ±2, · · ·. Here, qx denotes

the x-direction (along the propagation direction) com-
ponent of the wave-vector inside the middle region; they
can pass through the junction resonantly. However, our
simulation results show that the electron is still prohib-
ited to pass through the middle region when the conven-
tional resonance condition is satisfied. To understand
this anomalous transport behavior more clearly, we de-
rive an analytical expression of the eigenfunction and
eigenvalue of the perfect armchair graphene nanoribbon
with a finite width (W ) as [24]:
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, respectively. Here, a is the C–C bond length

(1.42 Å), V is the nearest hopping parameter (−3.0
eV), n denotes different subband with 1, · · ·, W , j la-
bels the atomic position in the y-direction with 1,· · ·,
W , and s=+1 (−1) describes the conduction (valence)
subbands, respectively. The chirality of the electron
in the conduction subband or hole in the valence sub-
band can be determined by the good quantum number
qx and qn. To determine the lowest conduction sub-
band or the upmost valence subband, the integer number

n needs to satisfy the condition n=Nint
[
2
3
(W + 1)

]
.

Here the function of Nint rounds off the variable to an
integer. To verify that electrons in the lowest conduc-
tion subband cannot pass through the switch via the
upmost valence subband of the middle region, we calcu-
late the corresponding transfer matrix element P11, and
we obtain P11=|〈s, n, qx|V̂ |s′, n′, q′x〉|2≈4.5 × 10−14 eV2

with W=23, s=+1, n=16, s′=−1, and n′=19. Here,

V̂=V
∑

j

|j〉〈j+2| with j=2, 4, 6, · · ·, W −1 is the scat-

tering operator coming from the sharp interface between
the lead and the middle region. In the elastic scattering
process in our system, the equation ε+1

n (qx)=ε−1
n′ (q′x)+U

has to be satisfied. Meanwhile, the applied voltage U is
large enough to ensure the equation has a real numerical
solution (q′x). The transfer matrix element P12 between
the lowest conduction subband to the second upmost va-
lence subband is calculated to be around 0.27 eV2. In
our switch the value of these transfer matrix elements are
almost independent of the width of graphene nanoribbon
based on our numerical simulations.

The sharp interface in our design plays an important
role, which was not observed in its 2-D counterpart [7].
From our numerical results, it is clear that the selective
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tunneling corresponding to two transfer matrix elements
(P11 and P12) can illustrate the interesting transport pro-
cess. When U>0.24 eV, the first valence subband of the
middle region is moved high enough to provide a con-
ducting channel, but P11 almost equals to zero. That is
to say, no matter whether the chirality of electrons con-
serves or not, the sharp interface in this symmetrical con-
nection prevents the tunneling process. Electrons, there-
fore, are bounced back and the conductance remains al-
most zero, as shown in Fig. 2. Increasing the length
of the junction only changes the conventional resonance
condition, but the conductance still remains zero. When
we further increase the voltage potential to U>0.44 eV,
the second valence subband of the middle region moves
upwards. The energy of incident electrons touches this
channel and the electrons can then tunnel through the
potential barrier without exponential decay. Considering
the symmetry of the band structure of the junction, the
selective tunneling behavior can also be observe when
applying a negative gate voltage in the junction region.

Note that whether the first valence subband con-
tributes to the conductance or not depends strongly
on the geometric structure of the graphene nanoribbon
junction. As an example, a T-shaped junction with
the same width of the previous symmetry structure is
shown in Fig. 4. By choosing the same parameters
(E=0.05 eV, W=23 and L=20) as in the case of Fig. 3,
numerical results in Fig. 4 show clearly that the first
conductance peak appears in the region where the in-
cident energy touches the first valence subband (0.24
eV<U<0.44 eV). The reason is that the transfer matrix
element (P11) has a finite value (about 0.24 eV2) in the
T-shaped junction. Our results suggest that the switch
conducting behavior can be manipulated by tailoring
the graphene nanoribbon. In the range of 0.44 eV<U<
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Fig. 4 Top subgraph: conductance vs. the potential height in
the single-mode region. Bottom subgraph: atomic structure of the
T-shaped junction. Here W = 23, L = 20 and E = 0.05 eV.

0.7 eV, another interesting observation is that two obvi-
ous conductance dips appear in the conductance curve.
This phenomenon can be attributed to the destructive
interference effect between two conducting channels [25].
Recently, Li et al. [26] have predicted that the transport
properties of ZGNRs also depend on the symmetry with
respect to the midplane between two edges. Asymmetric
ZGNRs behave as conventional conductors, while sym-
metric ZGNRs exhibit very small currents. This differ-
ence comes from different coupling between the frontier
subbands, which is dependent on the symmetry of the
systems [26].

To illustrate the switch effect more clearly in the
single-mode region, Fig. 5 presents a three-dimensional
color picture to display the conductance as a function
of incident electron energy (E) and the potential bar-
rier height (U) for the configuration shown in Figure 1.
The color is scaled with the corresponding conductance,
white and blue colors correspond to T = 1 (“on”) and
T = 0 (“off”), respectively. It is clear that the figure
can be roughly divided into two regions bounded by the
first peak (the leftmost white line). At the left of the
first peak (the first white line), the switch stays shut off
or all incident electrons are bounced back. The junction
begins to be turned “on” starting from the right of the
first peak by applying a certain threshold bias U and
its conductance oscillates with increasing U as shown in
Fig. 2. Although more channels can allow electrons to
pass through or more resonance matching conditions can
be satisfied as U increases, T never exceeds 1. The reason
is that the energy of incident electron is limited within
the single-mode region in our calculations. Several addi-
tional interesting features can be observed in Fig. 5: (i)
the peaks or the white lines are parallel to each other and
shift toward the right as the incident energy increases.
(ii) all peaks are straight lines indicating the required
voltage to open the switch increases linearly as incident
electron energy increases. (iii) the white lines become
wider and blue lines become narrower as U increases.

Fig. 5 Three-dimensional plot of conductance as the function of
energy and potential height for the configuration shown in Fig. 1.
Here W=23 and L=20.
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The confinement of electrons is a basic requirement
to realize a qubit in a solid device. In addition to the
switch design, the selective tunneling rule observed in
the symmetrical nanoribbon suggests that we can achieve
the confinement of an electron in the middle region even
though the region connects to two metallic leads. The
condition for such a confinement is Δz>|Δ1+U |. The ex-
ternal bias voltage U can be adjusted to control whether
the trapped electrons pass through the middle region or
not. Our design is easier to implement than that in Ref.
[24]. Compared to that in a GaAs quantum dot, our
qubit design in graphene nanoribbon is very promising
because the spin–orbit interaction and hyperfine interac-
tion in graphene are considerably weak [21]. Spin coher-
ence length is expected to be L ∼ 10 µm in a disordered
graphene [27]. We can exploit the electron–spin freedom
to design quantum qubit using our proposed device. As
a result, the qubit in the graphene nanoribbon can pos-
sibly be operated at room temperature.

4 Summary

In conclusion, the transport properties of a semicon-
ducting graphene nanoribbon sandwiched between two
metallic graphene nanoribbon leads are investigated.
Switching behavior is observed according to our nu-
merical results. The junction has a good on–off ratio
performance, which is almost completely pinched-off
without external gate voltage and can be turned “on”
by applying a threshold bias voltage. We find that
our numerical results are related closely to the Klein
phenomenon. Electrons can pass through the junction
when these Dirac Fermions satisfy both the conventional
resonance condition and the selective tunneling rule.
These findings are helpful for us to construct and design
graphene nanoelectronic devices in the near future. For
instance, the proposed graphene switch can be used to
achieve qubit design in quantum computers [28].
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