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Dynamics of electron wave-packets is studied using the continuum Dirac model in a graphene
geometric diode where the propagation of the wave packet is favored in certain direction due to
the presence of geometric constraints. Clear rectification is obtained in the THz frequency range
with the maximum rectification level of 3.25, which is in good agreement with recent experiments
on graphene ballistic diodes. The rectification levels are considerably higher for systems
with narrower channels. In this case, the wave packet transmission probabilities and
rectification rate also strongly depend on the energy of the incident wave packet, as a
result of the quantum nature of energy levels along such channels. These findings can be
useful for fundamental understanding of the charge carrier dynamics in graphene geometry diodes.

I. INTRODUCTION

Geometric diodes [1] are based on the concept of recti-
fying the charge carriers in the ballistic regime due to the
asymmetry imposed by the geometric constraints with-
out the presence of any built-in potential [2]. Graphene
[3-5] is considered to be the most promising materials for
geometric diode development due to the following proper-
ties: i) exceptionally high charge carrier mobility, which
makes this material suitable for high-frequency applica-
tions [6, 7]; ii) intrinsic long mean free path [8], which
enables creating graphene-based ballistic rectifiers using
conventional lithographic techniques [9]; iii) reduced ca-
pacitance due to the planar architecture, which increases
the cut-off frequency of the device [10-12]; iv) low resis-
tance [13] which contributes to rectification of small am-
plitude signals, thus reducing performance-limiting elec-
trical noise in the system [14]. Graphene-based geomet-
ric diodes have already been demonstrated experimen-
tally [6, 9, 11, 13, 15, 16]. Most of the graphene geom-
etry diodes have been created by direct nanostructuring
the material so that electrons are scattered only at the
graphene edges [17]. However, recent computer simula-
tions predict the possibility of creating high performance
graphene geometry diodes through spatial chemical dop-
ing without physical constrictions [18].

There are several model approaches to describe ge-
ometric diodes, such as Landauer-Biittiker formalism,
which is based on carrier transmission analysis [18, 19],
and a Monte Carlo method which uses Drude-like trans-
port of charge carriers [13, 20]. The former approach is
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mainly applied in purely ballistic case without account-
ing for momentum relaxation, whereas the latter formal-
ism includes momentum relaxation in quasi-ballistic rec-
tifiers. Here, we study the dynamics of electron wave
packets in graphene geometric diode (see Fig. 1) using
the relativistic Dirac equations of motion, which is an
effective approach in describing the propagation of elec-
tron wave packets in graphene. [21] We found clear
rectification of the wave packet with rectification
factor being larger for narrower channels. Also,
for such narrow channels, the rectification rate
can be controlled by the energy of the incident
wave packet, which is experimentally related to
the Fermi level and potential difference along the
system. Maximum rectification level of 3.25 is
obtained for narrow channels, while for thicker
channels we find a rectification rate ~2.4, which
is in good agreement with recent experiments on
graphene ballistic diodes [22]. The time response of
the considered graphene geometric diode was found to be
in THz range of the spectrum as was shown in previous
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FIG. 1: Schematics of graphene geometric diode created by a
geometric constraint (shaded areas), which favors the motion
of the wave packet along the forward direction (indicated by
an arrow).



experiments [6].

II. MODEL SYSTEM AND COMPUTATIONAL
DETAILS

Figure 1 shows our model system consisting of a
graphene monolayer with lateral dimensions L, and L.
An electron wave packet in the form of a Gaussian wave
front is rectified due to the presence of the sloped arrow-
head (shaded area in Fig. 1) with the constricted neck
region of size 4. Figure 1 shows the schematic of our
model diode system, where the geometric constraints are
created by potential gating of the the graphene sheet to
obtain different wave packet transmission probabilities.
This inverse arrowhead constriction is crucial for the op-
eration of the device as it determines the forward (i.e.,
easy transmitting) direction for the charge carriers (from
left to right in Fig. 1). Efficiency of such a geometry has
already been shown as compared to some of the other
graphene-based ballistic geometric diodes [22].

The Gaussian wave packet, which has constant am-
plitude along the z-direction and width a, along the y-
direction, is represented as
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where (1 )T is a pseudo-spinor, N is a normalization

J
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constant and k is the wave vector. In graphene, k is re-
lated to the energy of the wave packet F as k = F / hvg
with vp being the Fermi velocity. The pseudo-spinor is
chosen such that (o) = 1 and (o) = (0,) = 0, which
defines the wave packet propagation along the y-direction
[23]. We do not consider circularly symmetric wave pack-
ets to avoid complex dynamics of the wave packet (e.g.,
the trembling motion — zitterbewegung [23, 24]) in the
considered model system, which can make it difficult to
estimate the rectification properties of the diode.

We apply the following time-evolution operator to
propagate the initial Gaussian wave packet:

U(z,y,t+ At) = e A TANY (2, y, 1), (2)

where the time-independent Hamiltonian H describes the
low energy electrons in graphene [25]

H=vpd - (p)+V(x,y)o,. (3)

In this equation, & is the Pauli vector and the wave func-
tions are represented by pseudo-spinors ¥ = (¥4, Up)7T
with U4 and ¥p being the probability of finding the
electron in the A and B sub-lattices, respectively.

We use the split-operator technique [26, 27] to separate
the energy terms in the time-evolution operator as

2h

exp {—;HAt} = exp {—ZV(x,y)ozAt} exp [—;Upﬁ' EAt} exp [—ZV(x,y)azAt , (4)

and neglect the terms of order higher than O(At?). This
approach has several advantages, such as the possibil-
ity of performing multiplications of real and reciprocal
spaces independently and rewriting the exponentials of
the Pauli matrices exactly [21, 28], which makes the cal-
culations less demanding,.

The diode constriction, with structural asymmetry in
the shape of a triangle, is included in the model by intro-
ducing a high value effective mass-related potential term
in the Dirac equation in the shaded regions of Fig. 1.
This kind of potential exhibits different sign for pseudo-
spin up and down components in the diagonal of the
Dirac Hamiltonian for low energy electrons in graphene,
which results in a gap opening [25] only in the shaded tri-
angular regions of the diode, which scatters the incoming
electron wave packets.

Periodic boundary conditions are used in both lateral
directions and the wave packets are propagated with a
time step of 0.1 fs. The probabilities are calculated be-
fore and after the constrictions area, where the latter one

(

is considered as a transmission probability of the wave
packet. The length of the sample along the wave packet
propagation direction is always 4 times larger than the
size of the scattering area to avoid the boundary effects
on the calculated probabilities. All simulations are
performed assuming a wave packet width a, = 20
nm [29].

IIT. RESULTS AND DISCUSSIONS

We start by considering the propagation of the Gaus-
sian wave front along the y-direction. Figure 2 shows
the probabilities of finding the electron before
(blue curve) and after (red curve) the constric-
tion as a function of time for the forward direc-
tion, assuming a wave packet energy £= 100 meV
and neck size § = 28 nm. Once approaching the ”bar-
rier“ area (panel 1 in Fig. 2), the dynamics of the wave
packet is restricted to the funnel-like constriction region
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FIG. 2: Probabilities of finding the electron before (blue
curve) and after (red curve) the constriction region as a func—
tion of time, when the wave packet propagates in forward
direction. Sample parameters and wave function energy are

given in the main panel. Panels 1-4 show the snapshots of
the wave-packet propagation at times indicated in the main
panel.

and exhibits specular reflections at the edges (panel 2).
During this period the probability of the wave packet af-
ter the constriction area increases slightly. At 0.3 ps after
the initial release, the wave packet reaches the neck of
the geometric constriction (panel 3) and the probability
increases sharply. For the given geometrical param-
eters and the parameters of the wave packet, the
probability of the transmitted wave packet (more
than 50%) is larger than the one for the reflected
wave packet (see panel 4). See supplemental online
video 1 for the complete dynamics of the wave packet.

Figure 3 shows the probabilities of the wave packet as a
function of time to cross the sample along the reverse di-
rection. Panels 1-4 are the snapshots of the wave packet
at time intervals indicates in the main panel to show the
wave packet evolution along this "hard* direction. As
expected, the wave packet face larger resistance in the
reverse direction as compared to the forward direction.
Indeed, as seen from the top panel, the probability of the
transmitted wave packet is much smaller than the prob-
ability of the reflected wave packet: less than 30% of the
wave packet is transmitted through the ”barrier“ area
(see panel 1-4 in Fig. 3). This is because of the reflection
of the wave packet by the vertical blocks (see supple-
mental online video 2). Thus, the presence of the funnel-
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FIG. 3: The same as in Fig. 2, but for the reverse direction
of the wave packet.

like construction gives different wave packet transmission
probabilities in the forward and reverse directions with
the rectification ratio higher than 2.

In Fig. 4(a), we plot the rectification level,
i.e. the ratio between transmission probabili-
ties through the system in the forward (”easy“)
and backward (hard“) directions, as a function
of neck size § of the triangular scattering cen-
ter. The latter is crucial for the performance of
graphene-based geometric diodes and can be con-
sidered as an important parameter for successful
design of the devices. The rectification level is
between 1.5 and 3, which is in good agreement
with previous experimental findings for graphene-
based ballistic diodes [22]. The maximum in the
rectification (3.35) for all cases investigated here
is reached at 7 nm for £ = 75 meV. At a larger
energy, £ = 150 meV, the maximum rectifica-
tion level is slightly lower, and is obtained for
d = 27 nm. The system exhibits different (non-
monotonic) dependence of the rectification level
on the neck size for different energies. The mech-
anism for the obtained rectification is the higher
transmission probability of wave packets in the
forward direction due to the guided reflection off
the diagonal walls than the transmission proba-
bilities in the reverse direction, where the wave
packets backscatters from the vertical walls.

Next we consider the case when the wave packet
propagates with different incident energies. Fig-
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FIG. 4: Rectification ratio as a function (a) of the separation
0 between the triangles, assuming different values of energy
E of the propagating wave packet, and (b) of the energy FE,
assuming different values of the separation .

ure 4(b) shows the rectification level as a function
of the incident wave front energy. The neck size
is considered with different values §, as labelled in
the panel. For all energy values considered here,
the wave packet still funnels along this forward
direction through reflections at the sloped arrow-
head boundaries. Reduced transmission is also
obtained along the ”hard“ direction. By control-
ling the incident electron energy, which can be
done via the Fermi level of the system, one can
tune even better the rectification device. Results
in Fig. 4(b) confirm that the 3.35 rectification
for £ = 75 meV in a 7 nm constriction is indeed
the best case scenario for this device within the
energy range and lengthscales considered here.
Just like in the case of rectification as a func-
tion of the constriction length § in Fig. 4(a), the
rectification in Fig. 4(b) also slightly oscillates as
a function of the wave packet energy. However,
the oscillations are demonstrated to be strongly
damped as the neck size increases, so that the re-
sults for § = 28 nm exhibits only very weak oscil-
lations, with shorter period. This helps us to un-
derstand the origin of these oscillations: in fact,
they are reminiscent of the oscillations observed
in quantum barriers for incident energies slightly
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above the barrier height. [30] In the lengthscale
of few nanometers, quantum mechanics effects are
important in the neck of the structure illustrated
in Fig. 1. The region in between triangles may
present a minimum energy for incident electrons,
which thus work as an additional energy barrier
for the incident wave packet, whose transmission
probability would present maxima at resonant en-
ergies. Similar oscillations are observed e.g. in
graphene-based quantum point contacts as well,
see Refs. [31, 32]. Indeed, as § increases, quan-
tum confinement effects become less important,
thus explaining the weak oscillations observed in
Fig. 4(b) for 6 = 20 nm and 28 nm.

Notice that, regardless of the size of the neck region at
the end of the arrowhead and the direction of the motion
of the wave packets, the transmission time for the wave
packet is around 0.3 ps. This indicates that the con-
sidered systems operate at THz frequencies, which can
be further improved to reach the optical frequencies by
changing the geometrical parameters of the samples.

IV. CONCLUSIONS

We use the continuum Dirac approach to study the
propagation of Gaussian wave packets in a graphene ge-
ometric diode where the rectification is obtained due to
the presence of an arrowhead geometric constraint to fa-
vor the motion of the wave packet in a certain direction.
Depending on the structural parameters of the
sample, the maximum rectification level of 3.35 is
obtained, which is in good agreement with previ-
ous experiments [9, 22]. For narrow constrictions
between the triangular scattering regions forming
the arrowhead, the rectification level of the device
oscillates as a function of the wave packet energy,
which is reminiscent of quantum resonances in
potential barriers and quantum point contacts. In
any case, the devices operates at frequencies in the THz
range of the spectrum. However, we point out the respon-
sivity of the considered samples are low: the transmission
probability of the wave packet along the forward direction
is less than 100 % and there is always finite transmission
probability in the other direction [33]. These findings can
be useful in understanding the dynamics of the charge
carriers in graphene geometric diodes and the fundamen-
tal limitations in the response time of the devices.
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