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Quantum transport in graphene p-n junctions with moiré superlattice modulation
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We present simulations of quantum transport in graphene p-n junctions (pnJs) in which moiré superlattice
potentials are incorporated to demonstrate the interplay between pnlJs and moiré superlattice potentials. It is
shown that the longitudinal and Hall resistivity maps can be strongly modulated by the pn] profile, junction
height, and moiré potentials. Device resistance measurements are subsequently performed on graphene/hexagonal-
boron-nitride heterostructure samples with accurate alignment of crystallographic orientations to complement and

support the simulation results.
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I. INTRODUCTION

Graphene has been established as having unique electrical
and optical properties [1-4]. In particular, the heterostructures
of graphene and hexagonal boron nitride (A-BN) have drawn
intense attention recently [5-8]. Some examples of complex
and interesting physical phenomena are Hofstadter’s butterfly
[9-13], moiré superlattices [14—16], the quantum Hall effect
(QHE) in p-n junctions (pnls) [17-30], and Coulomb drag
where h-BN is used as an insulating spacer layer [31-35].
These phenomena make graphene-based devices a vanguard
for exploring two-dimensional physics and can additionally be
applied towards electron optics [36], photodetection [37—41],
and quantum Hall resistance standards [42—48].

In amagnetic field, graphene devices display quantized Hall
resistance values of

1 h
(4n +2)e?’

where n is an integer, & is Planck’s constant, and e is the
elementary charge. The bipolar nature of graphene allows
both positive and negative n for fixed magnetic fields and
the fabrication of tunable pnJs by external gates. When both
sides of a pn]J are in the quantum Hall regime, the longitudinal
resistivities across the pnJ depend on which Landauer-Biittiker
edge states equilibrate at the junction [17,49,50]. An extensive
analysis of this behavior was explored in previous reports,
using tunable gates to adjust the pnJ [17-20]. The longitudinal
and Hall resistivity is measured as a function of the voltages
from the two gates, yielding a two-dimensional parameter
space, or “map” of the resistivity.

In the past few years, #-BN has been widely used as an
encapsulation and supporting material to protect and enhance
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the quality of graphene and other van der Waals materials
[5,6,10,51]. A moiré pattern can form when graphene and
h-BN are stacked and electron transport in graphene can be
modulated by the moiré pattern potential. Especially when their
crystallization orientations are aligned within 1°, the moiré
pattern wavelength can be larger than 10 nm, allowing the
experimental observation of Hofstadter’s butterfly at accessible
magnetic fields [10—13], which significantly boosts the relevant
theoretical studies [52-55].

II. NUMERICAL SIMULATIONS

In this work, we report several numerical simulations
describing the effects of a moiré superlattice presence on
quantum Hall transport in pnJs. We employ a tight-binding
model for a two-dimensional system composed of a graphene
layer with an overlaying periodic potential representative of
a moiré superlattice with a 10 nm periodicity, as seen in
Fig. 1(a). These models were implemented by using the KWANT
package [56,57]. The moiré superlattice potential and other
details of simulation settings are adapted from Ref. [13], and
fully elucidated in the Supplemental Material [58]. Three sets
of simulations were performed. The first simulation involved
mapping out the longitudinal resistivity of a graphene device
with a perfectly straight pnJ profile and a randomized, or
“rough,” pn] profile. Both profiles are first simulated as is and
then simulated with a moiré superlattice potential imposed on
them. The second set of simulations explores the dependency
of Hofstadter’s butterfly on the height of the pnJ energy barrier,
and the third set shows the pnJ Hall and longitudinal resistivity
maps at high magnetic field. This work is complemented
by supporting experimental data collected from graphene/h-
BN heterostructure devices, which typically display a moiré
superlattice and whose accurate crystal alignment can lead to
measurable physical effects such as Hofstadter’s butterfly.

©2018 American Physical Society
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FIG. 1. (a) Illustration of graphene device with an imposed moiré superlattice potential. The chemical potentials are labeled by s, and g
and have a randomized junction profile to more accurately represent an actual device’s junction roughness. The rough pnlJ profile appears as
a dashed blue and red line along the center of the device. (b) Longitudinal resistivity is plotted as a function of p; and g for a straight pnJ
profile. (c) The same results as in panel (b) are plotted by using a rough pnlJ profile. (d) When a moiré superlattice potential is imposed, the
resistivity map visibly changes in an asymmetric manner, for both the straight pnJ profile in panel (d) and for the rough pnJ profile in panel
(e), with the addition of satellite Dirac peaks. (f) Taking the solid purple and dotted blue lines in panel (e), the behaviors of the longitudinal
resistivity are compared. (g) A zoom-in of panel (e) shows that a satellite Dirac peak does exist in this region, albeit at a much smaller value of
resistivity. All presented longitudinal resistivity color scales are in units of /1/2¢2. For all maps, chemical potentials are in units of /ivh, where v
is the Fermi velocity and b is the reciprocal superlattice constant of approximately 0.53 nm~' when the alignment between graphene and 4-BN
is nearly zero [14].
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III. RESULTS OF NUMERICAL SIMULATIONS

A. Effects of junction profile and moiré potential

Numerical simulations were performed based on the spe-
cific device design shown in Fig. 1(a). All contact terminals
are labelled with a numerical digit and the chemical potentials
for the left and right regions of the sample are defined as
ur and pg, respectively. The chemical potentials @y and
wr are generally held at different values, but in this example
illustration, the left region is marked in blue and held at a lower
potential than the right region, which is marked in red. The
chemical potentials are smoothly changed from w; and pg in
the region enclosed by the blue and red dashed curves. The
junction width of 50 nm is defined to be the average distance
between the red and blue dashed curves in Fig. 1(a). The rough
pnl profile such as the one shown in Fig. 1(a) reflects a more
accurate representation of the junction’s roughness, as inspired
by data acquired from atomic force microscopy images on
the real device’s junctions (see the Supplemental Material
[58]).

Figures 1(d) and 1(e) show the simulations of longitudinal
resistivity, plotted against w; and wg. Compared with the
straight pn]J profile, the rough pn]J profile clearly gives rise to
weaker interference patterns beside the main [Figs. 1(b)—1(e)]
and satellite [Figs. 1(d) and 1(e)] Dirac peaks.

In Figs. 1(d) and 1(e), the simulations include a moiré
superlattice potential imposed on the graphene-based device,
with a straight and rough pnlJ profile, respectively. Clearly,
extra Dirac peaks emerge at |uy|=|ug| = 0.5 ivb. Looking
at the more realistic scenario presented in Fig. 1(e), we find
an interesting behavior. The diagonal cut along the solid
purple line gives an expected and symmetric behavior for the
longitudinal resistivity, whereas the off-diagonal cut along the
dark blue line gives an asymmetrical behavior, with both curves
plotted in Fig. 1(f). A zoom-in of the seemingly featureless
upper-right corner of Fig. 1(e) is shown in Fig. 1(g), demon-
strating that the longitudinal resistivity is not strictly zero in
this region, but rather has a satellite Dirac peak local maximum
along 0.5 ivb = pp and 0.5 hvb = g, albeit at a much lower
absolute resistivity. Generally, the satellite Dirac peaks arise
due to expected dips in the density of states of graphene when
it is subject to a superimposed, periodic potential [14,59,60].
Furthermore, the asymmetry in the resistance of those satellite
Dirac peaks can be attributed to two main factors: (1) abreaking
of electron-hole symmetry as a result of next-nearest-neighbor
interlayer hopping and (2) the additional perturbations caused
by the differences in on-site energies present in A-BN
[14].

B. Hofstadter’s butterfly as a function of junction height

The second set of simulations was performed to predict the
behavior of Hofstadter’s butterfly of the Hall and longitudinal
resistivities in response to the height of the pnJ. In Fig. 2(a),
an illustration depicts the rough pnlJ profile while defining
the barrier height ;. In Figs. 2(b) and 2(c), Hofstadter’s
butterfly can be seen in the Hall and longitudinal resistivities,
respectively, when plotted against average chemical potential,
in units of the energy associated with Dirac electrons of wave
vector b defined in Fig. 1 [11], and magnetic flux within a

superlattice unit cell, in units of the magnetic flux quantum. In
these two cases, the barrier height of the pnJ is zero, making an
effectively homogeneous device. However, when the junction
barrier height is 100 meV as in the cases of Figs. 2(d) and
2(e), the Hall resistivity map shifts to higher energy while
the longitudinal resistivity map contains wider regions of the
parameter space where the values are an order of magnitude
higher, particularly within the region near zero energy.

Two noticeable changes can be observed with the Hall
resistivity maps. As with the case in Fig. 1, an apparent
asymmetry in the map appears to the left of the central parabolic
feature and can be attributed to the satellite Dirac cones which
form as a result of the superlattice potential and from the
interlayer hopping effects mentioned earlier. Furthermore, if
Fig. 2(b) is plotted on a logarithmic scale (see Supplemental
Material [58]), the right satellite peak can be verified as having
a significantly smaller influence on the overall Hall resistivity
map than its counterpart on the left half of the graph. The
corresponding longitudinal resistivity map also shows a pair
of sharp satellite features, further exemplifying the asymmetry
resulting from the aforementioned effects [14].

The second noticeable change is the obvious shifting of the
Hall resistivity features with junction height. Since the Hall
simulations are performed in the n-type region of the device,
one may expect that a decrease in the potential will increase the
local Fermi energy. In Fig. 2(d), the vertical, black dashed line
between the large blue and red regions corresponds exactly to
u =t; = 100 meV (note that /ivb is approximately 350 meV).

The trend can continue to be seen with a junction height
of 200 meV in Figs. 2(f) and 2(g), where the Hall resistivity
map further shifts to higher energy. The longitudinal resistivity
map maintains its general appearance but becomes spread
apart in parameter space, with the near-zero-energy region
forming coherent and complex patterns of high resistivity at
high magnetic fields.

The similar shape of the red area in Fig. 2(b) with Hall
resistivity value of /1 /2e? appeared in Figs. 2(e) and 2(g) with a
longitudinal resistivity of /1/2e2, a signature result of graphene
pnJ [14,17,44]. This is more profound for higher pnlJ barrier
heights. For example, in Fig. 2(g), the two red areas are further
separated along the horizontal axis and less disturbed by the
complex patterns of the longitudinal resistivity.

C. Additional simulations for QHE modulations
from moiré potential

The third set of simulations involves calculating the effect
of a moiré superlattice potential on a rough pnl profile at
14 T. In Fig. 3(a), the standard behavior of the Hall resistivity
in the quantum Hall regime are simulated for reference. The
longitudinal resistivity map in Fig. 3(b) resembles a similar
map presented in Refs. [17,20], with the upper-left corner
having a slightly expanded region of decreasing, step-like
resistivity.

By reintroducing the moiré potential in the system, the sim-
ulations produce the responses in Figs. 3(c) and 3(d). The Hall
resistivity map in Fig. 3(c) stays relatively intact on the right
half of the graph, with the exception of the emerging white
strips with zero Hall resistivity between the fractional values
of h/ 2¢%. The left half, however, is no longer symmetrical with
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FIG. 2. (a) Illustration of a rough pn]J profile. The barrier height #; and the average chemical potential in the junction, u are labeled. A
moiré pattern potential was applied to the system. (b), (c) The Hall and longitudinal resistivity maps for a normal junctionless device are shown,
respectively. They are plotted as a function of average chemical potential ; and the magnetic flux in units of the magnetic flux quantum &,.
The recursive Hofstadter’s butterfly appears at the representative horizontal dashed lines at 1,2/3, 1/2, and 1/3. This graphing style applies to
the remaining resistivity maps. (d), (e) The Hall and longitudinal resistivity maps are recalculated with a 200 meV pnJ barrier height. (f), (g)
The maps are recalculated with a 400 meV pnJ barrier height.
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FIG. 3. (a) Hall resistivity map plotted against chemical potentials u;. and pur at 14 T with no moiré potential. The red and blue colors
respectively indicate positive and negative fractions of k/2e?. (b) Longitudinal resistivity map for the same case as in panel (a). (c) Hall
resistivity map plotted after including the effects of a moiré potential. The region within the dotted green rectangle is reproduced after an
order-of-magnitude rescaling of the resistivity. (d) The longitudinal resistivity map is replotted to incorporate the effects of the moiré potential.

respect to the right half. The region in the leftmost third of
the map becomes more complex, so it is rescaled to highlight
the drastic changes. The most obvious change is the reversal
of the sign of the resistivity, with one strong feature and two
weaker features specifically at yu; /hivb = —0.65,—0.8,—0.9,
respectively. These sign reversals are another indication that
the #-BN moiré potential introduces asymmetric satellite Dirac
peaks whose asymmetric strengths are now to be expected. In
the case of the longitudinal resistivity in Fig. 3(d), the moiré
pattern potential can be seen strongly impacting the upper-left
corner of the map to the extent that much of the parameter
space which had a resistivity of 1.5/ /2¢? is now zero, leaving
behind the fractal-like ripples sustaining the original value.
The bottom-right corner was lightly impacted in comparison,
but ripples can still be observed in parts of the parameter
space.

IV. EXPERIMENTAL METHODS AND RESULTS

As a proof of the basic concept, experimental results were
pursued to test the numerical calculations. A heterostructure
device based on graphene and #-BN was assembled using the
flake pick-up method [51] with an orientation angle of about
1.4°, corresponding to a moiré periodicity of approximately
10 nm [61]. More information about sample fabrication can
be found in the Supplemental Material [58]. In Fig. 4(a), an
illustration shows the cross section of the device, containing
the h-BN/graphene/h-BN sandwich atop the Si3N, substrate,
which has embedded tungsten gates below the surface. The

separation between backgates is 50 nm. Each of the inner three
gates has a width of 3 um. The overall structural support comes
from the SiO, and Si layers below all of the other layers.
Fig. 4(b) shows an optical image of two adjacent example
devices. The contact terminals and backgates are numerically
labelled.

After device processing, resistance measurements were
performed to gauge the validity of our numerical calculations
for a system with a moiré potential of approximately the same
periodicity as well as a rough, 50 nm channel pnJ profile. One
result is shown in Fig. 4(c), where longitudinal resistance data
were acquired on two sets of contacts while keeping the middle
and rightmost section of the device at equal chemical poten-
tials. The longitudinal resistance curves display the satellite
Dirac peaks and matched the expected asymmetrical behavior
shown in Fig. 1(f). The longitudinal resistance map in Fig. 4(d)
can be compared with the corresponding resistivity map in
Fig. 1(e). The experimental results are in agreement with the
first and more foundational set of calculations involving the
moiré potential’s influence on longitudinal resistivity. A faint
cross can also be seen in the upper right corner of the map. The
two maps’ trends are identical, giving supporting evidence for
the basis of the presented numerical calculations.

V. CONCLUSIONS

In conclusion, we reported several numerical simulations
that incorporate moiré superlattice potentials into graphene
pnlJs so that effects on quantum transport behaviors could
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FIG. 4. (a) Illustration of a real graphene-based device showing the cross-section of the chip and the configuration of the embedded gates.
(b) Optical image of an example device along with a drawing of the contact configuration for the larger device in the center of the image. The
gold text in the drawing indicates the backgate contact number. (c) The data were acquired at 1.65 K with no magnetic field and are presented
for the case of equal chemical potentials on the middle and rightmost regions of the device. (d) A resistance map is acquired for the voltages
between —9 and 9 V for both regions of the pnlJ, which is equivalent to modifying the chemical potential in Fig. 1(e).

be predicted for a more realistic A-BN/graphene/h-BN het-
erostructure device. Longitudinal and Hall resistivity maps
were modulated by using various parameters, giving results
on how the maps were altered by the junction profile, junction
height, and moiré potentials. We also supported some of the
numerical calculations with experimental data from device
resistance measurements.
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