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Formation of moiré superlattices is common in van der Waals heterostructures as a result of the
mismatch between lattice constants and misalignment of crystallographic directions of the constituent
two-dimensional crystals. Here we discuss theoretically electron transport in a van der Waals tun-
neling transistor in which one or both of the electrodes are made of two crystals forming a moiré
superlattice at their interface. As a proof of concept, we investigate structures containing either an
aligned graphene/hexagonal boron nitride heterostructure or twisted-bilayer graphene and show that neg-
ative differential resistance is possible in such transistors and that this arises as a consequence of the
superlattice-induced changes in the electronic density of states and without the need for momentum-
conserving tunneling present in high-quality exfoliated devices. We extend this concept to a device with
electrodes consisting of aligned graphene on «-In,Te, and demonstrate negative-differential-resistance

peak-to-valley ratios of approximately 10.
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I. INTRODUCTION

The phenomenon of negative differential resistance
(NDR) is a striking example of nonlinearities in physics:
within a certain region of the current-voltage characteristic
of a device, increase of applied voltage leads to decrease
of the output current. In the first solid-state device display-
ing NDR, the Esaki diode [1], this effect arises because
increasing bias voltage modifies alignment of the occupied
and empty electronic states in the source and drain elec-
trodes separated by a tunneling barrier. At zero and large
bias, due to either the lack of occupied states at the source
or empty states at the drain, this alignment prohibits flow
of current. In contrast, within a certain bias window in
between these two cases, the positioning of energy levels
allows electrons to tunnel through the barrier.

More recently, NDR was observed in van der Waals
(vdW) heterostructures of two-dimensional atomic crys-
tals as a result of momentum-conserving electron tunneling
through an atomically thin barrier [2—7]. Because of the
high quality of the crystals produced by mechanical exfo-
liation and the atomically sharp interfaces in the assem-
bled vdW-coupled stack [8], the requirement to match
both the energy and the momentum of the initial and
final states leads to a peak in the tunneling current as
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applied voltages tune the source and drain to a particu-
lar band alignment. However, exfoliation, while providing
state-of-the-art materials and devices, is not a scalable fab-
rication method. At the same time, materials produced
by other methods, such as chemical vapor deposition, do
not achieve the quality necessary to observe momentum-
conserving tunneling and seemingly NDR [9,10].

Here we show theoretically that NDR can be achieved in
vdW heterostructures without momentum-conserving tun-
neling. We exploit modifications of the electronic band
structure of such heterostructures due to the interplay
between lattice constants as well as misalignment of the
crystallographic axes of two neighboring layers, which
lead to the formation of a superlattice at the interface.
This superlattice is commonly referred to as the “moiré
pattern” and is unique to vdW heterostructures, in which,
due to the vdW coupling between different materials, lat-
tice matching is not necessary for the whole structure to
be stable. Crucially, formation of the moiré superlattice is
often accompanied by reconstruction of the electronic band
structure as the moiré periodicity folds the dispersion into
minibands. This results in the opening of minigaps at the
boundary of the superlattice Brillouin zone and the appear-
ance of Van Hove singularities in the electronic density
of states (DOS) [11-22]. We simulate the tunneling cur-
rent in two common vdW heterostructures in which the
source electrode is either (1) monolayer graphene highly
aligned with underlying hexagonal boron nitride (hBN) or
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(2) twisted-bilayer graphene (tBLG) and show that moiré-
induced spectral reconstruction can result in NDR. We then
study a more-complex device with both the source elec-
trode and the drain electrode made of a moiré-forming
stack. We show that in the case of graphene/a-In;Te,
electrodes, NDR an order of magnitude larger than for
the two previous architectures is possible, suggesting that
design of new vdW interfaces can provide a way to
engineer current characteristics of tunneling junctions,
including NDR.

II. DEVICE ARCHITECTURE

A general schematic of our vdW-based tunneling tran-
sistor is shown in Fig. 1(a). It comprises two electrodes,
referred to as “source” and “drain”, separated by a thin
tunneling barrier. A bias voltage V is applied between the
two electrodes, while a gate controls an additional voltage
V,. The source electrode consists of two layers arranged
in such a way that layer 1, further from the barrier, gen-
erates a long-wavelength periodic potential for electrons
in layer 2, perturbing their electronic states. In structures
involving two-dimensional atomic crystals, such periodic
potentials arise naturally as a consequence of different lat-
tice constants of the neighboring materials as well as any
misalignment, 6, between their respective crystallographic
axes. This leads to the formation of superlattices visu-
ally represented by moiré patterns seen, for example, in
scanning-tunneling-microscopy measurements [11,12,14—
16]. While the impact of the moiré perturbation depends
on the atomic composition of the two layers and details
of the geometry, in many systems the additional poten-
tial leads to Bragg scattering of the electrons and folding
of the electronic spectrum into the superlattice Brillouin
zone accompanied by the opening of minigaps along its
boundary [11-22], as indicated schematically in Fig. 1(b)
for the case of graphene on hBN. As a result of such
a spectral reconstruction, the electronic DOS is strongly
modified—a fact crucial to the functioning of our device
as, for a thin tunneling barrier, the current / is sensi-
tive to the source DOS and drain DOS [23], p, and pg,
respectively:
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where the energy € is measured from the source charge-
neutrality point, ¢ and u,; determine the energy distance
between the chemical potential and the charge-neutrality
points in the source electrode and the drain electrode,
respectively, A is the shift between the source and drain
charge-neutrality points such that wu, and wgs+ A are
the chemical potentials in the corresponding electrodes,

T is the transmission coefficient, f (¢) is the Fermi-
Dirac distribution (here we take the low-temperature
limit), and g takes into account additional degeneracies
of the electronic states (here spin and valley). With-
out the additional moiré modulation, the DOS’s of the
electrodes usually vary slowly (linearly for monolayer
graphene, constant for quasifree electrons in two dimen-
sions) and no NDR is observed [9,10,24] in the absence of
momentum-conserving tunneling—this might be the case
for devices of insufficient quality or large misalignments
between the crystallographic directions of the electrodes.
If the momentum-conserving tunneling processes become
important, their contribution cannot be larger than the cur-
rents discussed here because ultimately the number of tun-
neling electrons is set by the corresponding DOS, whereas
momentum conservation adds an additional constraint that
is fulfilled only by some of them.

To relate the energies A, us, and gy to the applied
voltages V3 and V,, we use the electrostatic relations

1
Vb=;(us—ud—A),

e*d £0&
A=— [n(ud) + Vg_i| ; )
£0& ed,

where d and d, are the thickness of the tunneling bar-
rier and the distance between the drain and the back
gate, respectively, € and ¢ are the relative permittivities
of the barrier and the substrate between the drain and
the gate, and n(uy) is the carrier density induced on the
drain electrode. In Secs. III and IV, to demonstrate our
general idea, we assume that the drain electrode consists
of monolayer graphene, so n(j1y) = —sgn(ua)pu’/mw(vh)?,
with v &~ 105ms~!, the Fermi velocity of the graphene
electrons. We also assume that the tunneling barrier is
made of thin hBN. As a result, the transmission coeffi-
cient 7' in Eq. (1) depends only weakly on the energy of
the initial state, € [24,25], and so we set it to a constant
(see the Appendix for a more detailed discussion). As a
result, our current is not strictly provided in amperes but
is provided in arbitrary units—this, however, is enough to
analyze NDR in the proposed devices. Finally, the hBN
located in the barrier is rotated by a large angle with
respect to the graphene in the source and drain electrodes.
Because the impact of the hBN layer on graphene electrons
decreases with increasing misalignment angle [11,26], this
limits superlattice effects to those generated within the
electrodes.

III. GRAPHENE ON HEXAGONAL BN

We first investigate the possibility of superlattice-
induced NDR for a source electrode composed of hBN
(layer 1) and monolayer graphene (layer 2). As the per-
turbing effect of hBN on graphene electrons decreases with
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FIG. 1. (a) The tunneling device
with a source made of an aligned
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increasing misalignment between the two crystals [11,26],
we assume their crystalline axes are highly aligned. In such
a case, the conical dispersion of graphene in the vicinity of
the Brillouin-zone corner (valley) is folded into minibands,
as indicated in Fig. 1(b), with the valence band under-
going a more significant spectral reconstruction than the
conduction band [27], including the appearance of a Van
Hove singularity in the DOS [12,27,28], shown in red in
Fig. 1(b).

To compute the DOS of the source electrode, we use an
interlayer hopping model [27,29,30] for the Hamiltonian
of graphene electrons in the valley K; = £(47/34,0), § =
+1, perturbed by highly aligned hBN (assuming perfect
alignment of the two crystals):

Heey = Ho(p, 0) + 8H,

X 1 3
SH=T7, |:§f1 (r) — E%ozfz(r)

|,fl[l x VAir)]- a]
5
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m=0 m=0

written in the basis of {¢4 1, ¢p1}" ( {Pp—, —¢4_}T) for
& =41 (§ = —1) of Bloch states ¢;z on one of the sub-
lattices, i = 4, B, that make up the graphene hexagons,
calculated at the center of the valley, K¢. Also, we intro-
duce the Pauli matrices oy, 0,, and 0., 0 = (0y, 0,), acting
in the sublattice space, p = (p»,p,) is the momentum of
an electron as measured from the center of the valley, and
a is the lattice constant of graphene.

The first term in the Hamiltonian, ﬁo(p, 0) = ve
oe~9:/2 . p, describes the low-energy, linear electronic
dispersion of unperturbed graphene, while the term
SH is due to the moiré potential with k-space peri-
odicity given by a set of basic superlattice reciprocal

0oz /2

vectors b, = Razmss[1 — R/ (1 + )10, 47/v/3a), m =
0,1,...,5, where R@ is the counterclockwise rotation oper-
ator and 8 is the lattice mismatch (1.8%). The spatial
variation of the superlattice potential is described by the
two functions f(r) and f,(r), linear combinations of the
first harmonics of the moiré, and its strength is character-
ized by the parameter Vj, which we take equal to 17 meV
[22,31].

In Fig. 2(a), we present our simulation of the tunneling
current between the graphene/hBN source and graphene
drain as a function of the voltages V), and V, in a device
with hBN as the barrier (d = 1.3 nm, € = 3) and a Si gate
separated by an insulating layer (d; = 180 nm, € = 3.9),a
geometry similar to that in recent experiments [2,3,9,24].
The appearance of NDR can be seen in the top-right quar-
ter in Fig. 2(a), where the tunneling current decreases with
increasing bias voltage. We show selected cuts through that
region for Various constant values of V, in Fig. 2(b).

For V, = Vy = 0V, the chemical potentlals in the source
and drain are located at the respective neutrality points,
which are aligned with each other, as in diagram (I) in
Fig. 2(c), hence leading to an absence of tunneling cur-
rent. Applying the bias voltage introduces a relative shift
between the source and drain chemical potentials @, and
a + A, respectively. As a result, an increase in V, for
Ve =0V [corresponding to following the dashed orange
line in Figs. 2(a) and 2(b)] leads to an increasing current
as electrons from the valence band in the source can tun-
nel into the empty conduction-band states of the drain. For
V) slightly above 0.2 V, us; + A moves past the moiré-
induced Van Hove singularity in the source valence band,
which leads to a shoulderlike feature in the orange curve in
Fig. 2(b).

In contrast, applying the gate voltage V, at constant V,
dopes the source and drain without affecting the energy dif-
ference between the chemical potentials, u, and py + A.
As shown in diagram (II) in Fig. 2(c), for V; = 40 V and
Vy =0 V no current flows through the structure because
the chemical potentials are aligned, as in diagram (I).
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FIG. 2. (a) Calculated tunneling current for a device from

Fig. 1(a) as a function of voltages V, and V. (b) Tunneling cur-
rent as a function of V;, for constant V, from 0 V (orange) to 50 V
(black) in steps of 10 V. The cuts in (¥4, V) space correspond-
ing to current curves in (b) are shown with dashed lines in (a).
(c) Diagrams showing alignment of source DOS and drain DOS
as well as the positions of chemical potentials u; and py + A
for points in (V, V) space corresponding to tunneling currents
marked as (1), (IT), (IIT), and (IV) in (b).

Again, the current increases with increasing bias [as
demonstrated by the green curve in Fig. 2(b)] until it
reaches a peak when the occupied states in the moiré-
induced Van Hove singularity are aligned with empty
states in the drain valence band, as in diagram (III).
Because the Van Hove singularity in the source DOS is
followed by a dip, increasing V' further does not lead to
more occupied electronic states contributing to the tunnel-
ing. However, because changing V, affects the energy shift
A between the Dirac points of the source and the drain
through Eq. (2), the number of empty states aligned with
the Van Hove singularity actually decreases with increas-
ing V}, as seen by comparing diagrams (III) and (IV). This
results in a decrease of the current and NDR.

IV. TWISTED-BILAYER GRAPHENE

To demonstrate the generality of our idea, we now dis-
cuss the existence of NDR in a tBLG/hBN/monolayer
graphene vdW tunneling transistor. Twisted-bilayer

graphene [15,32—36] comprises two stacked and rotation-
ally misaligned graphene sheets. Because, in contrast to
graphene on highly aligned hBN, in tBLG both layers have
the same lattice constant, rotational misalignment is neces-
sary to form a moiré superlattice. As a result of the twist,
the interlayer coupling depends on the position r within the
crystal, leading to an effective Hamiltonian [37—39]

o _ (B —=D+5 T'O)
tBLG — A 0 e
Ho(p,3) — 3

T®)
| ~ij2m/3
5 ) . @)

geli2n/3 1

2
o N iRori 3 AKT
OB

j=0

where we include the effect of the electric field between the
layers by introducing an on-site potential-energy difference
between the layers, u, related to the applied gate voltage:

o [ ) + S i) + 7,2 )
Uu=— S s, U |
o Ha 2 M gedg

where dy = 0.33 nm is the bilayer-graphene interlayer
distance. The Hamiltonian in Eq. (4), written in the
basis of {¢41.+, P51+, Pur+> D524} ({DB1—» —Pu1.—. D2,
—pup.}7) for & = +1 (¢ = —1), describes hybridization
of the two Dirac cones displaced by a vector AK ~
2|Kg| sin(8/2)(0, —1) from one another. Midway between
the cones, repulsion between two crossing linear disper-
sions leads to the opening of a local gap and the appearance
of a peak in the DOS, as shown in Fig. 3(a). This peak
has been observed by scanning tunneling microscopy [15]
and is known to modify the optical conductivity [33,34]
and Raman spectra [32] of tBLG. Unlike in Bernal-stacked
bilayer graphene [40], u does not open a band gap in tBLG
but instead leads to small changes in the energy position
of the Dirac cones of each layer. We compute u self-
consistently assuming that the charge density is equally
distributed between the two layers. The overall impact of u
on the DOS is small, and all features in the current-voltage
maps can be qualitatively explained with # = 0.

For our modeling of the tunneling between tBLG and
graphene across a hBN multilayer, we choose the mis-
alignment angle 2°, corresponding to the low-energy band
structure in the vicinity of a single valley and DOS as
shown in Fig. 3(a). All the other geometrical parameters
of the device are as used in the case of the graphene/hBN
source electrode. The calculated current as a function
of the bias and gate voltages ¥} and V, is shown in
Fig. 3(b) and selected cuts for constant V, are presented
in Fig. 3(c). Similarly to the case of the graphene/hBN
electrode, superlattice-induced spectral reconstruction, in
particular, the presence of sharp Van Hove singularities
followed by a dip, leads to NDR for a range of gate
voltages.
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FIG. 3. (a) Low-energy band structure and DOS for tBLG with
a misalignment angle of 2°. Note that both the position and the
height of the Van Hove singularity change with misalignment
angle. The black line indicates the superlattice Brillouin-zone
edge. (b) Tunneling current from tBLG to graphene across a
hBN barrier as a function of gate and bias voltages V, and V5.
(c) Tunneling current as a function of V}, for constant V, from 0
V (orange) to 40 V (green) in steps of 10 V. The cuts in (V3, V)
space corresponding to the current curves in (c) are shown with
dashed lines in (b).

Because the Van Hove singularity is a robust feature
in the DOS of tBLG for a large range of misalign-
ment angles [21], the behavior of the tunneling current
should also be similar for different 6 (although note that
greater misalignment angle requires higher V, to dope
the source past the singularity). Also, because, in contrast
to the aligned graphene/hBN heterostructure, the DOS of
tBLG is electron-hole symmetric, the graph in Fig. 3(b) is
inversion symmetric with respect to the point Vj, = V, =
(A

V. GRAPHENE ON «-In;Te;

While the architectures discussed in Secs. III and IV
demonstrate the principle of moiré-induced NDR and
are feasible experimentally, the calculated NDR peak-to-
valley ratio is only of order 1. One can increase it by
choosing a different vdW heterostructure as an electrode,
in particular, one with a moiré reconstructed DOS in which
a band gap between minibands is close to a Van Hove sin-
gularity. Moreover, designing superlattices to modulate the

densities of states of both electrodes as opposed to use of
monolayer graphene with its linear DOS as a drain as in
the two examples earlier will also increase NDR.

Hence, in this section, we investigate current character-
istics of a vdW tunneling transistor with both electrodes
made of graphene on «-In,Te;. It was proposed that such
a heterostructure would belong to a group for which the
moiré pattern results from the beating between the lat-
tice constants of a-In,Te, and the lattice constant of a
tripled graphene unit cell, v/3a [41,42], with the mis-
match between the two, 8', approximately —0.7% [43,44].
It was predicted [41], in this case, that the arising moiré
potential would lead to a periodically-oscillating-in-space
intervalley coupling for graphene electrons, captured by
the Hamiltonian

H; /5 = Ho(p,0) + 8H,
A 1 1 ~
SH =V, |=F(@r) — —[o x L]-VF(r) |,
2 1Bl

5 5
fie)y =" py =i (—1)"ePnr,
m=0 m=0
Fr)=r1/fi(r) + Tny(r), (6)

written in the basis {¢4,¢p1,¢5_,¢_4_} with Pauli
matrices T, 7, acting in the valley space and a set
of reciprocal space vectors f8,, = (1 /ﬁ)ﬁ_ﬂ/zbm, m=
0,1,...,5. As for graphene on hBN, the term SH/
describes the contribution due to the moiré potential, with
Vi, setting its strength. We assume that the interlayer inter-
actions in graphene/a-In,Te, are comparable to those in
graphene/hBN and so use Vj, = V) = 17 meV for our cal-
culations. The calculated miniband spectrum is shown in
Fig. 4(a). Notice that, in contrast to the miniband spectra
discussed for graphene on hBN in Sec. II, this spectrum
displays flat bands around zero energy, similarly to magic-
angle tBLG [35,36], with small band gaps separating them
from the rest of the spectrum. This leads to a DOS as
shown in Fig. 4(b), containing Van Hove singularities
next to a window of zero DOS, features attractive for an
increased NDR. In Fig. 4(c), we present the current cal-
culated as a function of the gate and bias voltages for a
vdW tunneling transistor incorporating graphene/c-In, Te;
heterostructures as both the source and the drain (all other
parameters of the device are kept the same as in Secs. 11
and III). Current curves for selected constant gate voltages
and changing bias are shown in Fig. 4(d) (region of pos-
itive V, and V) and Fig. 4(e) (region of negative V, and
V). For easier comparison with other figures in this paper,
we reverse the current and bias-voltage axes in Fig. 4(e).
Moreover, the current scale in Fig. 4(d) is scaled by a factor
of 3 as compared with Fig. 4(e).
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FIG. 4. (a) Low-energy band structure of graphene on aligned
a-In, Te,. The outline of the superlattice Brillouin zone is shown
in red for clarity. (b) Corresponding DOS. (¢) Tunneling current
between two graphene-on-aligned-a-In, Te, electrodes across a
hBN barrier as a function of gate and bias voltages V, and V.
(d) Absolute tunneling current as a function of ¥} for constant
Vg from 0 V (orange) to 15 V (green) in steps of 5 V. The cuts
in (V, V) space corresponding to the current curves in (d) are
shown with dashed lines in (c). The current lines in (d) are scaled
to highlight NDR features. (¢) Same as (d) except for negative
gate and bias voltages with steps of —5 V from 0 V (orange) to
—15 V (yellow).

All of the current-voltage characteristics in Figs. 4(d)
and 4(e) show NDR peak-to-valley ratios ranging from
2 to 10, depending on the choice of gate voltage. The
largest NDR of around 10 is for V; = 0 V (orange curve)
in Fig. 4(d). It results from the presence of two Van Hove
singularities in the DOS around zero energy [see Fig. 4(b)]
and their movement on the energy scale in the source and
drain electrodes as a function of V.

VI. SUMMARY

In summary, we demonstrate theoretically for three dif-
ferent architectures that the modifications of the electronic
DOS due to the formation of moiré superlattices of vdW
crystals can lead to NDR when the moiré heterostructure
is used as an electrode in a vertical tunneling transistor.

This is achieved without the requirement of momentum-
conserving tunneling, which has been observed only in the
highest-quality, closely aligned devices made of mechan-
ically exfoliated crystals. For this reason, our idea might
be useful for materials produced by other methods, such
as chemical vapor deposition, where clear moiré recon-
struction has been observed [15,45] but no momentum-
conserving tunneling has been reported. While the moiré
superlattices used in the first two examples, graphene on
hBN and tBLG, have been realized experimentally, the last
one, graphene on «-In,Te,, has not. However, superlat-
tice effects have been observed or predicted for a variety
of different heterostructures and interfaces [42,46—48], so
a significant NDR peak-to-valley ratio might indeed be
possible for certain architectures, as suggested in Sec. V.
Importantly, in contrast to artificial superlattices, our idea
avoids the need to process any of the two-dimensional
crystals after they are grown, as the superlattice is pro-
vided by an interface between neighboring layers. This, in
turn, limits disorder and degradation of the components,
which is especially important if the starting materials
were not obtained by mechanical exfoliation. In contrast
to many other NDR setups, our idea is, by design, easy
to integrate in more-complicated devices based on two-
dimensional crystals and vdW interfaces. It can also be
coupled with artificial patterning of dielectric substrates
underneath two-dimensional materials on length scales
comparable to moiré wavelengths [49].
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APPENDIX: ENERGY DEPENDENCE OF
TRANSMISSION COEFFICIENT

For thin, strongly insulating tunneling barriers (such as
hBN), the transmission coefficient 7' depends only weakly
on the energy of the initial state, € [24,25], and so we set
it to a constant in the main text for ease of analysis. In
general, the variation in the barrier height ®(¢) due to
changing electron kinetic energy leads to a modification
of the decay constant &, which becomes a function of ¢
and so does the transmission coefficient, which decreases
exponentially with barrier thickness, d:

T(e) = exp[—k(e)d]. (A1)
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Assuming graphene electrodes, the multilayer-hBN barrier
can be treated as an isotropic potential step [24] with bar-
rier height &y = —1.5 eV, corresponding to previous mea-
surements of the valence-band maximum of hBN [24,25].
Approximating hBN energy bands as roughly parabolic
around the valence-band maximum allows us to write [50]

2m* P (€) 2m* (Do — €)
k(e) = Im =Im )

W . (A2)

where m* =~ 0.5my is the effective mass [24,25]. Notably,
this predicts electron-hole asymmetry in tunneling current
as observed in experiments [24,25].

Application of this varying tunneling coefficient to
our model increases the tunneling current and conduc-
tance in the conduction-band-to-conduction-band regions
and reduces the current and conductance in the valence-
band-to-valence-band regions. Crucially, all NDR features
shown in our calculations still persist, with conduction-
band peak-to-valley ratio slightly increased and valence-
band peak-to-valley ratio slightly decreased in all systems
discussed in the main text. Increasing the tunneling-barrier
thickness or using a less-insulating material such as WS,
[25] would require the potential modulation of the trans-
mission coefficient to be included so as to give accu-
rate results. However, despite the observation that across
the voltage range investigated the transmission coefficient
varies noticeably, locally, around the current peak and
valley voltages, the transmission coefficient is roughly
constant, and so all NDR features that we predict will
persist.

In a general formalism, determining the tunneling
current requires finding the overlap between the rele-
vant electron wave functions on the electrodes. This
can be decomposed into a term describing the trans-
verse component of the overlap, T(e), and an in-plane
momentum-conserving component, which is constant for
momentum-nonconserving tunneling. In real devices, the
total current is a sum of all tunneling processes, both
conserving momentum and not conserving momentum.
However, as mentioned in the main text, the upper bounds
on the current are set by the available initial and final DOS,
so any contributions not considered here cannot be larger
than those we discuss in the main text. The arbitrariness
of our unit of current in Figs. 2—4 originates in our setting
T(e) to an unspecified constant, which affects any other
tunneling process in the same way.
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