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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 con-
stituent two-dimensional crystals. Here we discuss theoretically electron transport in a Van der
Waals tunnelling 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 aligned graphene/hexagonal boron nitride heterostructure or twisted bilayer graphene and
show that negative 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 of momentum-conserving tunnelling present in high-quality exfoliated devices. We extend this
concept to a device with electrodes consisting of aligned graphene on α − In2Te2 and demonstrate
negative differential resistance peak-to-valley ratios, ∼ 10.

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 charac-
teristic of a device, increase of applied voltage leads to
decrease of the output current. In the first solid state
device displaying 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 electrodes separated by a tunnelling barrier.
At zero and large bias, either due to 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 posi-
tioning of energy levels allows electrons to tunnel through
the barrier.

More recently, negative differential resistance was ob-
served in Van der Waals (VdW) heterostructures of two-
dimensional atomic crystals as a result of momentum-
conserving electron tunnelling through an atomically thin
barrier [2–7]. Due to the high quality of the crystals pro-
duced by mechanical exfoliation and the atomically sharp
interfaces in the assembled VdW-coupled stack [8], the
requirement to match both energy and momentum of the
initial and final states leads to a peak in the tunnelling
current as applied voltages tune the source and drain
to a particular band alignment. However, exfoliation,
while providing state-of-the-art materials and devices, is
not a scalable fabrication method. At the same time,
materials produced by other methods such as chemical
vapour deposition do not achieve the quality necessary
to observe momentum-conserving tunnelling and seem-
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ingly NDR [9, 10].
Here, we show theoretically that NDR can be achieved

in VdW heterostructures without momentum-conserving
tunnelling. Instead, we exploit modifications of the elec-
tronic band structure of such heterostructures due to the
interplay between lattice constants as well as misalign-
ment of the crystallographic axes of two neighbouring
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 Van der Waals coupling between dif-
ferent materials, lattice matching is not necessary for the
whole structure to be stable. Crucially, formation of the
moiré superlattice is often accompanied by reconstruc-
tion of the electronic band structure as the moiré period-
icity folds the dispersion into minibands. This results in
opening of mini gaps at the boundary of the superlattice
Brillouin zone and appearance of Van Hove singularities
in the electronic density of states [11–22]. We simulate
the tunnelling current in two common VdW heterostruc-
tures in which the source electrode is either (1) mono-
layer graphene highly aligned with underlying hexagonal
boron nitride (hBN) or (2) twisted bilayer graphene and
show that moiré-induced spectral reconstruction can re-
sult in negative differential resistance. We then study a
more complex device with both the source and drain elec-
trodes made of a moiré-forming stack. We show that in
the case of graphene/α−In2Te2 electrodes, NDR an order
of magnitude larger than for the two previous architec-
tures is possible, suggesting that design of new Van der
Waals interfaces can provide a way to engineer current
characteristics of tunneling junctions, including NDR.

II. DEVICE ARCHITECTURE

A general schematic of our VdW-based tunnelling
transistor is shown in Fig. 1a. It comprises two elec-
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FIG. 1. (a) Schematic of the tunnelling device with a source made of an aligned graphene/hBN heterostructure. Also shown
are the distances d and dg, as well as contacts for voltages Vb and Vg. (b) The conical bands and density of states of
unperturbed monolayer graphene (top) and corresponding graphene minibands and density of states of an aligned graphene/hBN
heterostructure (bottom). In the miniband spectrum, the black lines indicate the boundaries of a rhombic superlattice Brillouin
zone. The Van Hove singularity in the density of states of the heterostructure is highlighted in red.

trodes, referred to as source and drain, separated by a
thin tunnelling barrier. A bias voltage Vb is applied be-
tween the two electrodes while a gate controls an ad-
ditional voltage Vg. Here, the source electrode consists
of two layers arranged in such a way that layer 1, fur-
ther from the barrier, generates a long-wavelength pe-
riodic 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 lattice constants of the
neighbouring materials as well as any misalignment, θ,
between their respective crystallographic axes. This
leads to the formation of superlattices visually repre-
sented by moiré patterns seen for examples in scan-
ning tunnelling 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 (sBZ) accompanied by opening of minigaps along
its boundary [11–22], as indicated schematically in Fig.
1b for the case of graphene on hexagonal boron nitride.
As a result of such a spectral reconstruction, the elec-
tronic density of states (DOS) is strongly modified - a
fact crucial to the functioning of our device as, for a thin
tunnelling barrier, the current I is sensitive to the source
and drain DOS [23], ρs and ρd, respectively,

I=
2gπe

~

∫
T (ε)ρs(ε)ρd(ε−∆)

× [f(ε−µs)−f(ε−∆−µd)]dε,
(1)

where the energy ε is measured from the source charge
neutrality point, µs and µd determine the energy distance
between the chemical potential and the charge neutrality
points in the source and drain electrode, respectively, ∆ is
the shift between the source and drain neutrality points
so that µs and µd + ∆ are the chemical potentials in
the corresponding electrodes, T is the transmission coef-
ficient, f(ε) is the Fermi-Dirac distribution (here, we take
the low-temperature limit) and g takes into account addi-
tional degeneracies of the electronic states (here, spin and
valley). Without the additional moiré modulation, the
DOS of the electrodes are usually varying slowly (linearly
for monolayer graphene, constant for quasi-free electrons
in 2D) and no NDR is observed [9, 10, 24] in the ab-
sence of momentum-conserving tunnelling - this might
be the case for devices of insufficient quality or large mis-
alignments between the crystallographic directions of the
electrodes. Note that, if the momentum-conserving tun-
nelling processes become important, their contribution
cannot be larger than the currents discussed here, be-
cause ultimately the number of tunnelling electrons is set
by the corresponding DOS whereas momentum conserva-
tion adds an additional constraint that is only fulfilled by
some of them.
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In order to relate the energies ∆, µs and µd to the
applied voltages Vb and Vg, we use the electrostatic rela-
tions

Vb =
1

e
(µs − µd −∆) , (2)

∆ =
e2d

ε0ε̃

(
n(µd) + Vg

ε0ε

edg

)
,

where d and dg are the thickness of the tunnelling bar-
rier and the distance between the drain and the back
gate, respectively, ε̃ and ε are the relative permittivi-
ties of the barrier and the substrate between the drain
and gate and n(µd) is the carrier density induced on
the drain electrode. In sections III and IV, in order
to demonstrate our general idea, we assume that the
drain electrode consists of monolayer graphene, so that
n(µd) = −sgn(µd)µ

2
d/π(v~)2, with v ≈ 106ms−1, the

Fermi velocity of the graphene electrons. We also as-
sume that the tunnelling barrier is made of thin hexag-
onal boron nitride (hBN). As a result, the transmission
coefficient T in Eq. (1) only weakly depends on the en-
ergy of the initial state, ε [24, 25], and so we set it to a
constant (see appendix for a more detailed discussion).
As a result, our current is not strictly provided in am-
peres but in arbitrary units - this, however, is enough
to analyse 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/drain elec-
trode. 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 hBN

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 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 (BZ) corner (valley)
is folded into minibands, as indicated in Fig. 1b, with
the valence band undergoing a more significant spectral
reconstruction than the conduction band [27], including
the appearance of a Van Hove singularity (VHS) in the
DOS [12, 27, 28], shown in red in Fig. 1b.

In order to compute the density of states of the source
electrode, we use an interlayer hopping model [27, 29, 30],
for the Hamiltonian of graphene electrons in the valley
Kξ = ξ (4π/3a, 0), ξ = ±1, perturbed by highly aligned
hBN (assuming perfect alignment of the two crystals),

FIG. 2. (a) Calculated tunnelling current for a device from
Fig. 1a as a function of voltages Vg and Vb. (b) Tunnelling
current as a function of Vb for constant Vg from 0 V (orange)
to 50 V (black) in steps of 10 V. The cuts in (Vg, Vb) space
corresponding to current curves in (b) are shown with dashed
lines in (a). (c) Diagrams showing alignment of source and
drain density of states as well as the positions of chemical
potentials µs and µd + ∆ for points in (Vg, Vb) space corre-
sponding to tunnelling currents marked in (I), (II), (III) and
(IV) in (b).

ĤG-hBN = Ĥ0(p, 0) + δĤ, (3)

δĤ = V0

(
1

2
f1(r)−ξ

√
3

2
σzf2(r)− ξ

|b0|
[l̂z ×∇f1(r)]·σ

)
,

f1(r) =

5∑
m=0

eibm·r, f2(r) = i

5∑
m=0

(−1)meibm·r,

written in the basis of {φA,+, φB,+}T ( {φB,−,−φA,−}T )
for ξ = +1 (ξ = −1) of Bloch states φi,ξ on one of
the sublattices, i = A,B, that make up the graphene
hexagons, calculated at the centre of the valley,Kξ. Also,
we have introduced the Pauli matrices σx, σy and σz,
σ = (σx, σy), acting in the sublattice space, p = (px, py)
is the momentum of an electron as measured from the
centre of the valley and a is the lattice constant of
graphene.

The first term in the Hamiltonian, Ĥ0(p, θ) =
veiθσz/2σe−iθσz/2 · p, describes the low energy, linear
electronic dispersion of unperturbed graphene, while the
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term δĤ is due to the moiré potential with k-space
periodicity given by a set of basic superlattice recip-

rocal vectors bm = R̂ 2πm
6

[
1− R̂θ/(1 + δ)

](
0, 4π/

√
3a
)
,

m = 0, 1, ..., 5, where R̂θ is the anticlockwise rotation op-
erator and δ = 1.8% the lattice mismatch. The spatial
variation of the superlattice potential is described by the
two functions f1(r) and f2(r), linear combinations of the
first harmonics of the moiré, and its strength is charac-
terised by the parameter V0, which we take equal to 17
meV [22, 31].

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

For Vb = Vg = 0 V, the chemical potentials in the
source and drain are located at the respective neutrality
points which are aligned with each other, as in diagram
(I) in Fig. 2c, hence leading to an absence of tunnelling
current. Applying the bias voltage introduces a relative
shift between the source and drain chemical potentials µs
and µd+∆, respectively. As a result, an increase in Vb for
Vg = 0 V (corresponding to following the orange dashed
line in Fig. 2a and 2b) leads to an increasing current as
electrons from the valence band in the source can tunnel
into the empty conduction band states of the drain. For
Vb slightly above 0.2 V, µd + ∆ moves past the moiré-
induced VHS in the source valence band which leads to
a shoulder-like feature in the orange curve in Fig. 2b.

In contrast, applying the gate voltage Vg at constant Vb
dopes source and drain without affecting the energy dif-
ference between the chemical potentials, µs and µd + ∆.
As shown in diagram (II) in Fig. 2c, for Vg = 40 V and
Vb = 0 V no current flows through the structure because
the chemical potentials are aligned, as in (I). Again, the
current increases with increasing bias (as demonstrated
by the green curve in Fig. 2b) until it reaches a peak
when the occupied states in the moiré-induced VHS are
aligned with empty states in the drain valence band, as
in diagram (III). Because the VHS in the source DOS is
followed by a dip, increasing Vb further does not lead to
more occupied electronic states contributing to the tun-
nelling. However, because changing Vb affects the energy
shift ∆ between the Dirac points of the source and drain
through Eq. (2), the number of empty states aligned
with the VHS actually decreases with increasing Vb, as
seen by comparing diagrams (III) and (IV). This results
in a decrease of the current and NDR.

FIG. 3. (a) Low-energy band structure and density of states
for twisted bilayer graphene with a misalignment angle of 2◦.
Note that both the position and height of the VHS change
with misalignment angle. The black line indicates the super-
lattice Brillouin zone edge. (b) Tunnelling current from tBLG
to graphene across a hBN barrier as a function of gate and
bias voltages Vg and Vb. (c) Tunnelling current as a function
of Vb for constant Vg from 0 V (orange) to 40 V (green) in
steps of 10 V. The cuts in (Vb, Vg) space corresponding to the
current curves in (c) are shown with dashed lines in (b).

IV. TWISTED BILAYER GRAPHENE

To demonstrate the generality of our idea, we now
discuss the existence of NDR in a twisted bilayer
graphene/hBN/monolayer graphene Van der Waals tun-
nelling transistor. Twisted bilayer graphene [15, 35–
39] (tBLG) comprises two stacked and rotationally
misaligned graphene sheets. Because, in contrast to
graphene on highly aligned hBN, in tBLG both layers
have the same lattice constant, rotational misalignment
is necessary 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
[32–34]

ĤtBLG =

Ĥ0(p,− θ2 ) +
u

2
T̂ †(θ)

T̂ (θ) Ĥ0(p, θ2 )− u

2

 ,

T̂ (θ) =
γ1
3

2∑
j=0

e
iR̂ 2πj

3
∆K·r

(
1 ξe−ij

2π
3

ξeij
2π
3 1

)
, (4)
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where we included the effect of the electric field between
the layers by introducing an on-site potential energy dif-
ference between the layers, u, related, to the applied gate
voltage

u =
e2d0
ε0

(
n(µd) +

1

2
n(µs, u) + Vg

ε0ε

edg

)
, (5)

where d0 = 0.33nm is the bilayer graphene inter-
layer distance. The Hamiltonian in Eq. (4), writ-
ten in the basis of {φA1,+, φB1,+, φA2,+, φB2,+}T (
{φB1,−,−φA1,−, φB2,−,−φA2,−}T ) for ξ = +1 (ξ = −1),
describes hybridisation of the two Dirac cones displaced
by a vector ∆K ≈ 2|Kξ| sin (θ/2) (0,−1) from one an-
other. Midway between the cones, repulsion between two
crossing linear dispersions leads to the opening of a lo-
cal gap and appearance of a peak in the DOS, as shown
in Fig. 3a. This peak has been observed by scanning
tunnelling microscopy [15] and is known to modify the
optical conductivity [36, 37] and Raman spectra [35] 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 I-V maps can be qualitatively ex-
plained with u = 0.

For our modelling of the tunnelling between tBLG
and graphene across a hBN multilayer, we choose the
misalignment angle 2◦, corresponding to the low-energy
band structure in the vicinity of a single valley and den-
sity of states as shown in Fig. 3a. All the other geomet-
rical parameters of the device are as used in the case of
the graphene/hBN source electrode. The calculated cur-
rent as a function of the bias and gate voltages Vb and
Vg is shown in Fig. 3b and selected cuts for constant
Vg are presented in Fig. 3c. Similarly to the case of
the graphene/hBN electrode, superlattice-induced spec-
tral reconstruction, in particular the presence of sharp
VHSs followed by a dip, leads to NDR for a range of gate
voltages.

Because the VHS is a robust feature in the density of
states of tBLG for a large range of misalignment angles
[21], the behaviour of the tunnelling current should also
be similar for different θ (although note that greater mis-
alignment angle requires higher Vg to dope the source
past the singularity). Also, because, in contrast to
the aligned graphene/hBN heterostructure, density of
states of tBLG is electron-hole symmetric, the graph in
Fig. 3b is inversion-symmetric with respect to the point
Vb = Vg = 0 V.

V. GRAPHENE ON α− In2Te2

While the architectures discussed in Sec. 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. It can be increased by
choosing a different VdW heterostructure as an electrode,
in particular, one with a moiré reconstructed density of
states in which a bandgap between minigaps is close to a
Van Hove singularity. Moreover, designing superlattices
to modulate the densities of states of both the electrodes
as opposed to using monolayer graphene with its linear
DOS as a drain like in the two examples earlier, will also
increase NDR.

Hence, in this section, we investigate current charac-
teristics of a VdW tunneling transistor with both elec-
trodes made of graphene on α− In2Te2. It was proposed
that such a heterostructure would belong to a group for
which the moiré pattern results from the beating between
the lattice constants of α − In2Te2 and that of a tripled
graphene unit cell,

√
3a [41, 42], with the mismatch be-

tween the two approximately δ′ ≈ −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,

ĤG-
√
3 = Ĥ0(p, 0) + δĤ ′, (6)

δĤ ′ = V ′0

(
1

2
F (r)− 1

|β0|
[σ × l̂z] · ∇F (r)

)
,

f1(r) =

5∑
m=0

eiβm·r, f2(r) = i

5∑
m=0

(−1)meiβm·r,

F (r) = τxf1(r) + τyf2(r),

written in the basis {φA,+, φB,+, φB,−, φ−A,−}T using
Pauli matrices τx, τy acting in the valley space and

a set of reciprocal space vectors βm = 1√
3
R̂−π

2
bm,

m = 0, 1, ..., 5. Just like for graphene on hBN, the term
δĤ ′ describes the contribution due to the moiré poten-
tial with V ′0 setting its strength. We assume that the
interlayer interactions in graphene/α − In2Te2 are com-
parable to graphene/hBN and so use V ′0 = V0 = 17 meV
for our calculations. The calculated miniband spectrum
is shown in Fig. 4a. Notice that, in contrast to the mini-
band spectra discussed for graphene on hBN in Sec. II,
this one displays flat bands around zero energy, similar to
magic-angle twisted bilayer graphene [38, 39], with small
band gaps separating them from the rest of the spectrum.
This leads to a DOS as shown in Fig. 4b, containing Van
Hove singularities next to a window of zero density of
states, features attractive for an increased NDR. In Fig.
4c, we present the current calculated as a function of the
gate and bias voltages for a VdW tunneling transistor in-
corporating the graphene/α− In2Te2 heterostructures as
both source and drain (all other parameters of the device
are kept the same as in Sec. II and III). Current curves
for selected constant gate voltages and changing bias are
shown in Fig. 4d (region of positive Vg and Vb) and Fig.
4e (region of negative Vg and Vb). For easier compari-
son with other figures in this paper, we have reversed the
current and bias voltage axes in Fig. 4e. Moreover the
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FIG. 4. (a) Low-energy band structure of graphene on aligned
α − In2Te2 . The outline of the superlattice Brillouin zone
is shown in red for clarity. (b) Corresponding density of
states. (c) Tunnelling current between two graphene on
aligned α− In2Te2 electrodes across a hBN barrier as a func-
tion of gate and bias voltages Vg and Vb. (d) Absolute tun-
nelling current as a function of Vb for constant Vg from 0 V
(orange) to 15 V (green) in steps of 5 V. The cuts in (Vb, Vg)
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. (e) Same as (d) except for negative
gate and bias voltages with steps of -5 V from 0 V (orange)
to -15 V (yellow).

current scale in Fig. 4d has been scaled by a factor of 3
as compared to Fig. 4e.

All of the I-V characteristics in Fig. 4d and 4e show
NDR peak-to-valley ratios ranging from 2 to 10, depend-
ing on the choice of gate voltage. The largest NDR of
around 10 is that for Vg = 0 V (orange curve) in Fig.
4d. It results from the presence of two Van Hove singu-
larities in the DOS around zero energy (see Fig. 4b) and
their movement on the energy scale in the source/drain
electrodes as a function of Vb.

VI. SUMMARY

In summary, we demonstrated theoretically for three
different architectures that the modifications of the elec-

tronic density of states due to the formation of moiré
superlattices of Van der Waals crystals can lead to neg-
ative differential resistance when the moiré heterostruc-
ture is employed as an electrode in a vertical tunnelling
transistor. This is achieved without the requirement of
momentum-conserving tunnelling, which has only been
observed in the highest quality, closely-aligned, devices,
made of mechanically exfoliated crystals. For this rea-
son, our idea might be useful for materials produced by
other methods like chemical vapour deposition, where
clear moiré reconstruction has been observed [15, 45] but
no momentum-conserving tunnelling has been reported.
While the moiré superlattices used in the first two ex-
amples, graphene on hBN and twisted bilayer graphene,
have been realised experimentally, the last one, graphene
on α − In2Te2, has not. However, superlattice effects
have been observed or predicted for a variety of different
heterostructures and interfaces [42, 46–48], so that signif-
icant NDR peak-to-valley ratio might indeed be possible
for certain architectures, as suggested in Sec. V. Im-
portantly, 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 neighbouring layers. This,
in turn, limits disorder and degradation of the compo-
nents, 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 2D materials on length scales comparable to
moiré wavelengths [49].
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Appendix A: Energy Dependence of Transmission
Coefficient

For thin, strongly insulating tunnelling barriers (such
as hBN), the transmission coefficient T only weakly de-
pends on the energy of the initial state, ε [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
Φ(ε) due to changing electron kinetic energy leads to a
modification of the decay constant k which becomes a
function of ε and so does the transmission coefficient,
which decreases exponentially with barrier thickness, d,
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T (ε) = exp[−k(ε)d]. (A1)

Assuming graphene electrodes, the multilayer hBN bar-
rier can be treated as an isotropic potential step [24] with
barrier height Φ0 = −1.5 eV, corresponding to previ-
ous measurements of the valence band maximum (VBM)
of hBN [24, 25]. Approximating hBN energy bands as
roughly parabolic around the VBM allows us to write
[50]

k(ε) = Im

√
2m∗Φ(ε)

~
= Im

√
2m∗(Φ0 − ε)

~
, (A2)

where m∗ ≈ 0.5m0 is the effective mass [24, 25]. Notably,
this predicts electron-hole asymmetry in tunnelling cur-
rent as observed in experiment [24, 25].

Applying this varying tunnelling coefficient to our
model increases the tunnelling current and conductance
in the conduction band-conduction band voltage regions
and reduces the current and conductance in the valence
band-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 slightly decreased in twisted bilayer,

graphene on hBN and double graphene/α − In2Te2. In-
creasing the tunnelling barrier thickness or using a less
insulating material such as WS2 [25] would require the
potential modulation of the transmission coefficient to be
included in order to give accurate results. However, de-
spite the observation that across the investigated voltage
range the transmission coefficient varies noticeably, lo-
cally, around the current peak and valley voltages, the
transmission coefficient is roughly constant and so all
NDR features that we predict will persist.

In general formalism, determining the tunnelling cur-
rent requires finding the overlap between the relevant
electron wave functions on the electrodes. This can be
decomposed into a term describing the transverse com-
ponent of the overlap, T (ε), and an in-plane momentum-
conserving component, which is constant for momentum
non-conserving tunnelling. In real devices, the total cur-
rent is a sum of all tunnelling processes, both conserving
and not conserving momentum. However as mentioned
in the main text, the upper bounds on the current are
set by the available initial/final DOS so that any contri-
butions not considered here cannot be larger than those
we discuss in the text. The arbitrariness of our units
of current in Fig. 2-4 originates in setting T (ε) to an
unspecified constant which affects any other tunnelling
process in the same way.
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twisted double-layer graphene, Proc. Nat. Acad. Sci.
USA 108, 12233–12237 (2011).

[34] E. J. Mele, Band symmetries and singularities in twisted
multilayer graphene, Phys. Rev. B 84, 235439, (2011).

[35] K. Kim, S. Coh, L. Z. Tan, W. Regen, J. M. Yuk, E.
Chatterje, M. F. Crommie, M. L. Cohen, S. G. Louie,
and A. Zettl, Raman Spectroscopy Study of Rotated
Double-Layer Graphene: Misorientation-Angle Depen-
dence of Electronic Structure, Phys. Rev. Lett. 108,
246103 (2012).

[36] J. T. Robinso, S. W. Schmucker, C. B. Diaconescu, J. P.
Long, J. C. Culbertson, T. Ohta, A. L. Friedman, and
T. E. Beechem, Electronic Hybridization of Large-Area
Stacked Graphene Films, ACS Nano 7, 637-644 (2013).

[37] J. Campos-Delgado, G. Algara-Siller, C. N. Santos, U.
Kaiser, and J. P. Raskin, Twisted Bi-Layer Graphene:
Microscopic Rainbows, Small 9, 3247-3251 (2013).

[38] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken,
J. Y. Luo, J. D. Sanchez-Yamagishi, K. Watanabe, T.
Taniguchi, E. Kaxiras, R. C. Ashoori and P. Jarillo-
Herrero, Correlated insulator behaviour at half-filling in
magic-angle graphene superlattices, Nature 556, 80-84
(2018).

[39] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi,
E. Kaxiras and P. Jarillo-Herrero, Unconventional super-
conductivity in magic-angle graphene superlattices, Na-
ture 556, 43-50 (2018).

[40] E. McCann, V. I. Fal’ko, Landau-Level Degeneracy and
Quantum Hall Effect in a Graphite Bilayer, Phys. Rev.
Lett. 96, 086805 (2006).



9

[41] J. R. Wallbank, M. Mucha-Kruczyński and V. I. Fal’ko,
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mation of an isolated miniband in bilayer graphene on an
almost commensurate

√
3 ×
√

3 substrate, Phys. Rev. B
94, 165437 (2016).

[43] V. Zolyomi, N. D. Drummond and V. I. Fal’ko, Elec-
trons and Phonons in Single Layers of Hexagonal Indium
Chalcogenides from Ab Initio Calculations, Phys. Rev. B
89, 205416 (2014).

[44] G. Giovannetti, M. Capone, J. van den Brink and
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