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Nanolithography, a cornerstone of modern information technology, allows manipulation of the
electronic band structure and quantum transport properties of materials. By miniaturisation and
careful shaping, any material can be pushed into a (quantum) regime, where the dimensions and
shape become essential for the overall behaviour, and the electronic band structure is significantly al-
tered. Materials with a low intrinsic dimensionality, such as the two-dimensional material graphene,
allow direct access to the entirety of atoms constituting the crystal, making engineering of the band
structure particularly attractive. While high-density nanostructuring has been predicted to provide
customisation of the electronic, optical, plasmonic, and thermal properties of graphene [1–5], there
has been limited progress in realising this in practice; even high-end top-down fabrication procedures
introduce enough edge-disorder and contamination to obscure the predicted behaviours. Here we
demonstrate band structure engineering by direct, ultra-dense lithographic patterning of graphene.
Specifically, we fabricate a 35 nm-period superlattice of etched holes separated by as little as 12-
15 nm in a graphene sheet encapsulated in hexagonal boron nitride. We observe the clear hallmark of
a distinct magnetotransport regime, with a nonlinear Landau level fan, and a band gap of 156meV,
which can be tuned with an external magnetic field. The transport measurements are in excellent
agreement with both tight-binding simulations and an analytical model based on Dirac fermions in
ring geometries [6]. A moiré superlattice from the underlying substrate is observed both before and
after nanostructuring, and we see transport features unique to our engineered band structure both
at the main and moiré charge neutrality points, indicating that the engineered band structure is
cloned by the moiré superlattice. Band structure design in two-dimensional materials by top-down
patterning enables the realisation of a number of exciting predictions and opportunities such as spin
qubits [1], valleytronics [6], and waveguides [7].

Graphene is a particularly attractive material for band
structure engineering, due to its bulk being directly ex-
posed for manipulation. The three major approaches for
graphene band structure engineering are (i) moiré su-
perlattices [8–10], which gives high quality results, but
lacks the design flexibility of top-down lithography, (ii)
indirect structuring, where the immediate surroundings
are subject to nanostructuring [11, 12], and finally (iii)
nanostructuring, which by quantum confinement effects
offers the most permanent and pervasive changes of the
electronic properties, as well as being essential for minia-
turisation of graphene devices. To observe the full ex-
tent of these effects in electronic transport experiments,
charge transport should be ballistic, with the mean free
path, le, being larger than the minimum feature size of
the system, w. Furthermore, the energy scale of the
quantum confinement should be larger than the energy
scale associated with the disorder of the system [13].
While the mean free path of pristine graphene can be
tens of micrometres at cryogenic temperatures [14, 15],
residual disorder limits the available system sizes. In
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particular, even state-of-the-art ultra-clean graphene de-
vices show residual carrier densities in the range of ∼
1010 cm−2 [16, 17]. This sets the disorder energy scale
at h̄vF

√
πn ∼ 10meV, which in turn, using the typi-

cal scaling of graphene nanoribbons [18], means that the
minimum feature size of the system should be kept be-
low 100 nm to observe the band structure changes from
quantum confinement. For state-of-the-art nanostruc-
tured graphene, the residual charge carrier densities are
even higher, which further restricts the required system
sizes [19, 20].

Top-down patterning of graphene on this scale, how-
ever, is very challenging without compromising the quasi-
ballistic condition, le ≥ w, as has been shown for
graphene nanoribbons [13, 21]. This has led to more
than a decade of research into ways of archiving dense
nanostructuring of graphene without compromising the
transport properties, but so far disorder at edges increas-
ingly dominate transport measurements as pattern den-
sities increase [22–24]. Figure 1 summarise a subset of
key experimental works [19, 20, 25–31] featuring two-
dimensional (2D) nanostructured graphene as well as mi-
croscale Hall bars for reference [31], with the reported
charge carrier mobility, µ, plotted against the minimum
feature size of the system. Here the mobility is calcu-
lated from the Drude model of conductivity, σ = neµ,
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where e is the electron charge. In early devices fabri-
cated from non-encapsulated graphene, extremely small
and dense features have indeed been achieved with block
copolymer (BCP) [25] masks, electron-beam lithogra-
phy (EBL) [26, 29, 30], nanosphere lithography (NSL)
[28], and nano-imprint lithography (NIL) [27]. However,
the resulting charge carrier mobilities and associated
mean free paths in these works were too low to support
quantum transport of the charge carriers beyond semi-
classical transport. A clear trend is seen, where higher
pattern densities leads to strongly decreasing mobilities,
which can be attributed to the increasing contribution of
scattering from rough edges. Recently, however, progress
was made using van der Waals (vdW) heterostructures of
graphene encapsulated in hexagonal boron nitride (hBN)
[19, 20, 32]. Patterning through vdW heterostructures
not only provides protection of the graphene channel,
but also the edges [19], which obviously become in-
creasingly important at higher pattern densities. While
these nanostructured heterostructures displayed clear
commensurability oscillations [19, 20, 33, 34], vdW het-
erostructures with stronger confinement (higher pattern
density) are needed to reach the quantum regime, as ap-
parent from Fig. 1.

Here we show that band structure engineering by
top-down lithographic patterning of hBN encapsulated
graphene can be done on a 10 nm-scale, as seen in the in-
set of Fig. 1, while maintaining ballistic transport prop-
erties on the scale of the minimum feature size. The
patterned graphene devices display insulating behaviour
consistent with the formation of an electronic band gap,
and ballistic transport at Fermi energies larger than
the gap. Furthermore, magnetotransport measurements
match extraordinarily well with tight-binding simulations
of antidot lattices as well with a simple model of Dirac
fermions in a strongly confining ring geometry [6], and
is, thus, well-described as a quantum system consisting
of such connected “Dirac rings”. Our measurements con-
firm several theoretical predictions for such band struc-
ture engineered graphene, including a sizeable and mag-
netically tunable band gap [1, 6, 35], magnetically con-
fined edge-states [36], and non-linear Landau levels [6].
Furthermore, despite the 10 nm-scale patterning of the
graphene, the experimental signatures of an interfacial
moiré superlattice turn out to be present both before and
after nanostructuring. For the nanostructured graphene,
it appears that the unique transport features are cloned
by the moiré superlattice, suggesting an intricate inter-
play of the engineered and interfacial superlattices with
the electronic band structure.

The vdW heterostructures used in this study consist of
monolayer graphene encapsulated in hBN on a graphite
back gate. The heterostructures are shaped into multi-
terminal Hall bars with one half nanostructured into an
array of holes, as illustrated in Fig. 2A. Full details of
the fabrication and nanostructuring can be found in the
Methods and Supplementary Information. This geome-
try allows us to simultaneously measure the longitudinal

EBL

BCP[25]

EBL[26]

NIL[27]

NSL[28]

EBL[29]

EBL[19]

EBL[20] EBL[31]

EBL[30]This work

50 nm

Quantum regime

Ballistic limit

D
is

o
rd

e
r

lim
it

10
1

10
2

10
3

10
0

10
1

10
2

10
3

10
4

10
5

Minimum feature size, w (nm)

M
o

b
ili

ty
,
µ

(c
m

2
V
−
1
s
−
1
)

SiO2 hBN

Low T Room T

Figure 1. Charge carrier mobility, µ, versus minimum

feature size, w, for nanostructured graphene reported

in the literature: For a device to be fully in the quantum
regime (green shaded area), it should display ballistic trans-
port (horizontally dashed line) at energy scales larger than the
disorder limit (vertically dashed line). As the energy scale as-
sociated with quantum confinement is inversely proportional
to the minimum feature size, aggressive scaling is the most
feasible route towards the quantum regime. However, as con-
ventional devices are scaled down, edge roughness starts to
dominate the transport properties, pushing them away from
the ballistic limit. The inset shows a SEM image of the van
der Waals heterostructure used in this study after nanostruc-
turing has been performed. The pattern consists of highly
regular, triangularly arranged holes with a period of 35 nm
and minimum feature sizes of w = 12 15 nm. Due to the high
density of holes, the resulting structure can be considered as
a network of connected rings of width w, as indicated by the
dotted outlines. These structures display ballistic transport
despite the extreme density of edges, indicating a very low
line-edge roughness.

and transverse resistances, Rxx and Rxy, of the pristine
and nanostructured graphene in a single device, thus di-
rectly measuring the effect of the nanostructuring. Fig-
ure 2B shows the temperature dependence of the longi-
tudinal resistivity, ρxx = (W/L)Rxx, against back gate
voltage, VG, of pristine and nanostructured graphene,
with L = 4µm and W = 2µm being the distance be-
tween voltage probes and width of the channel, respec-
tively. After nanostructuring the graphene is slightly p-
doped relative to the pristine graphene, an effect which
has previously been reported in nanostructured graphene
[37]. The pristine graphene shows a small increase in re-
sistivity near the Dirac point upon cooling down to 4K,
but is otherwise metallic, as expected. In contrast, the
nanostructured part of the device exhibits strongly insu-
lating behaviour in a wide range of gate voltages around
the Dirac point, with a significant increase in resistance
upon cooling. This insulating behaviour is also observed
in the magnitude of the resistivity, ρxx > h/e2, which
is consistent with the Ioffe-Regel criterion for 2D semi-
conductors [38, 39], where h and e are Planck’s constant
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Figure 2. Device architecture and transport data for pristine and nanostructured graphene: (A) Device schematic
of the Hall bar used for electrical measurements. Part of the heterostructure is left pristine, while another part is shaped into
a densely patterned superlattice, allowing simultaneous comparison of patterned and non-patterned regions in a single device.
(B) Resistivity, ρxx, against back gate voltage, VG, for temperatures, T , from 4K to 300K for the pristine and nanostructured
graphene. The patterned region exhibits an insulating regime with ∆VG ≈ 2.1V. (C) The upper left panel shows the extracted
mean free path, le, intervalley-scattering length, li, and phase-coherence length, lφ, of the nanostructured region, plotted against
the measured Hall charge carrier density, nH , at T = 4K, while the right panel shows le against T at nH = 2 × 1012 cm−2.
The shaded areas mark the 12 15 nm range, corresponding to the minimum feature size of the nanostructured area, indicative
of ballistic transport. The lower panel shows nH compared to the calculated carrier density for the gapped graphene model,
where α = 5.87× 1011 cm−2V−1 is the lever constant and V0 is the gate voltage at the charge neutrality point.

and the electron charge, respectively. The width of the
insulating regime, ∆VG ≈ 2.1V, can be used to esti-
mate [21, 40] the energy gap, EG = 2∆0, in the nanos-
tructured graphene (Supplementary Information), yield-
ing ∆0 ≈ 78meV. Here the half-gap, ∆0, is the energy
from the Fermi level to either the top of the conduction
band or the bottom of the valence band. From Arrhenius
measurements we extract a small moiré-induced half-gap
(∆m ≈ 14± 1meV) in both the pristine and nanostruc-

tured regions. In addition to this, the high temperature
data for the nanostructured graphene corresponds to a
half-gap of 74± 11meV (Supplementary Information).
Considering the unusually large charge carrier mobility
for such small and dense nanostructuring, as shown in
Fig. 1, we equate the insulating behaviour with the for-
mation of a band gap in the electronic spectrum, as the-
oretically predicted for such systems [1, 6, 36]. Gapped
behaviour is also observed in the measured Hall charge
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carrier density, as seen in the lower panel of Fig. 2C. The
measured density fits well with the calculated charge car-
rier density for explicitly gapped graphene, with a half-
gap of 78meV (Supplementary Information). As we show
later, this gap also matches well with the band gap ex-
tracted from an analytical model of Dirac fermions con-
fined to a ring of width w, where the half-gap is given
by ∆0 = 1 eVnm/w. With an estimated w = 12 15 nm
of our structures, the analytical model predicts a half-
gap of 67 83meV. We further note that we observe a
large ρxy signal of ∼ 0.3h/e2 at B = 0T, as shown in
the Supplementary Information. Such a signal is indeed
expected from a gap-induced non-zero Berry-curvature
[41], but further experiments are needed to fully con-
firm this. Regarding the ballistic behaviour, the mean
free path of charge carriers, le, in the nanostructured
graphene is nearly constant at all measured temperatures
and charge carrier densities away from the insulating re-
gion. As shown in Fig. 2C, le is clearly reaching the min-
imum feature size of out system, and indicates ballistic
transport and low amounts of disorder, despite the dense
nanostructuring. Here we have used le = σh/2e2kF ,
where kF =

√
πnH is the Fermi wavevector, σ is the

conductivity, and nH is the measured Hall charge carrier
density from Rxy = −B/nHq, with the charge, q, and
non-quantising magnetic field B. We attribute the high
quality of our transport to extremely low edge roughness,
as indicated by the high intervalley scattering length, li,
on the order of 50-60 nm, which is significantly higher
than any relevant length scale of our system. Finally, for
the pristine graphene we observe satellite peaks in the
resistance at gate voltages of ∼ ± 7.6V relative to the
main charge neutrality point, consistent with a the pres-
ence of a moiré lattice induced by a slight misalignment
between the graphene and the encapsulating hBN. Sur-
prisingly, for the nanostructured graphene, the satellite
peak on the hole side is still present despite the dense
nanostructuring.

Next, we perform magnetotransport measurements,
measuring the longitudinal conductivity, σxx =
ρxx/

(

ρ2xx + ρ2xy
)

, as a function of VG and the applied
magnetic field, B. The resulting σxx of both the pris-
tine and nanostructured graphene is shown in Fig. 3.
The pristine graphene displays the expected linear Lan-
dau level sequence of monolayer graphene, along with the
now routinely reported moiré superlattice effects consis-
tent with a small twist angle with respect to the hBN
[8–10]. The overall shape and magnitude of the magne-
totransport data in Fig. 3A, including the characteristic
asymmetry on the hole and electron side, is closely re-
sembling the data presented in Ref. [9]. We observe
additional satellite peaks corresponding to moiré periods
of λm,1 = 10.2 nm, and of λm,2 = 17.2 nm ≈

√
3λm,1.

The possible origins of periods larger than the often-
quoted 14 nm limit [42] are discuss in the Supplementary
Information. The nanostructured graphene, on the other
hand, exhibits energy levels, for which carrier density
varies non-linearly with the magnetic field, and which

intersect the zero-field line at non-zero gate values (in-
dicating E 6= 0). Furthermore, the band-gap-induced
insulating regime discussed above and in Fig. 2 is seen
to be tunable by the magnetic field, and is decreased as
the magnetic field strength is increased. Finally, a split-
ting of the zero-energy level independent of the magnetic
field is observed, which is sometimes seen in high-quality
samples with a small moiré gap [10, 16, 17]. Despite
the famously robust quantum Hall effect in graphene
[43, 44], all of the prominent features of the nanostruc-
tured graphene clearly deviate from the pristine graphene
Landau fan. Interestingly, despite the ultra-dense nanos-
tructuring, the moiré effects corresponding to the 10.2 nm
period are still present, while the 17.2 nm effects are miss-
ing. We speculate that the effects of the 17.2 nm sec-
ondary moiré period are quenched since they exceed the
minimum feature size of the nanostructured graphene.
However, the exact cause warrants further investigation,
and we are not aware of any theoretical investigations
into this interplay.
To gain insight into the observed quantum transport

behaviour of the nanostructured graphene, we compare
our data to ensemble-averaged recursive Green’s function
tight-binding transport simulations [45, 46] in Fig. 4A,
as outlined in Methods. Without any fitting, the simula-
tions match extraordinarily well with the measurements,
both in terms of shape, position, and magnitude of the
observed bands. We take this agreement as evidence that
the calculated band structure of the quantum simulations
accurately reflects the engineered band structure of the
nanostructured graphene. Furthermore, we observe so-
called magnetically bound states, confined to the perime-
ter of the nanostructured holes. Semiclassically, these
states correspond to periodic skipping orbits, as shown
schematically in Fig. 4B, and are analogous to Weiss os-
cillations [47]. In experiments, certain conditions must
be met for these states to be present: (i) a skipping or-
bit with an integer number of reflections, nr, along the
perimeter of the hole, (ii) the Fermi level is not located
in the band gap (2∆), |E| > ∆, and (iii) given the mag-
netic field, the wave function must be in phase after one
orbit. Given these conditions, the oscillation period of
the magnetoresistance can be shown to follow [36]

∆B =
8h̄

e(2πR1)2
, (1)

where R1 is the radius of the hole. Figure 4C shows
part of ρxx from the nanostructured graphene, where we
observe oscillations with a spacing of ∆B≈ 1.2T. Using
Eq. (1) this in turn corresponds to a diameter of ∼ 21 nm,
matching well our expected feature sizes.
The agreement between measurements and tight-

binding simulations prompts us to further compare the
data with a simplified analytical model that describes
Dirac fermions confined to a ring geometry, i.e. a Dirac
ring. This allows us to establish a simple physical pic-
ture of the observed magnetotransport features. The re-
sulting eigenvalue spectrum as a function of energy and
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Figure 3. Comparison of magnetotransport in pristine and nanostructured graphene: Comparison of longitudinal
conductivity, σxx, in the pristine (A) and nanostructured (B) regions of the graphene. In contrast to the linear energy levels
characteristic of pristine graphene, the energy levels in the patterned region are non-linear and intersect the B = 0T axis at
E 6= 0. Furthermore, a tunable band gap (low σxx) is seen in the nanostructured graphene, whose magnitude decreases as the
magnetic field strength is increased.

magnetic field can be seen in Fig. 4D, for a ring with
an inner and outer radius of 11 nm and 23 nm, respec-
tively. The red (blue) bands corresponding to K (K ′)
valley-polarised states, and each band corresponds to a
unique set of a radial and momentum quantum number,
n and m, respectively. Details of the model are given in
the Supplementary Information. The model captures all
the main features of the measurements, including energy
levels which varies non-linearly with the magnetic field,
energy levels that intersect at E 6= 0, and the presence
of a band gap which is tunable by the strength of the
applied magnetic field. Specifically, the model predicts a
zero-field half-gap at B = 0T given solely by the width
of the Dirac ring, of ∆0 = 1 eVnm/w. The sub-linear
bands intersect at E 6= 0, in contrast to the linear Lan-
dau levels of pristine graphene, in agreement with our
measurements, see Fig. 4A. For the Dirac ring, emergent
bands intersect at E = l∆0, with l being an odd integer,
and with ∆0, thus, serving as the characteristic energy-
scale. While the K and K ′ valleys are degenerate at zero
magnetic fields, the degeneracy is lifted at finite mag-
netic fields, with the top of the K-valley valence band
increasing in energy, while the bottom of the K ′-valley
conduction band decreases in energy as the magnetic field
strength is increased. This shows that the Dirac rings
could be an interesting system for valley-electronics.

In Fig. 4E we directly compare the position of the ob-
served bands from experiments, tight-binding, and the
analytical model, and find a striking agreement, espe-
cially at lower values of VG. For the analytical model,
we do not observe all the available energy levels, but do
find a strong agreement for the quantum numbers n = 1
and 0 ≤ m ≤ 6. For the Dirac ring model, the m < 0
quantum numbers corresponds to energy levels predom-
inantly localised at the outer perimeter [6], which can
explain why these states are not observed in the experi-
ments which are not isolated rings.

The tunability of the band gap is shown in Fig. 4F,
where we directly compare the half-gaps from the exper-

iments, tight-binding, and the analytical model. Here
the half-gap is normalised to the zero-field half-gap as
∆/∆0, and plotted against the ratio of the minimum fea-

ture size to the magnetic length, lB =
√

h/eB. With this
scaling any ring of the analytical model, regardless of in-
ner and outer radius, will trace the same line, and vice
versa for the tight-binding model. We again observe a
strong agreement between the tight-binding and the ex-
periments, while the band gap predicted by the analytical
model closes much slower. As the ratio w/lB increases,
the charge carriers are increasingly localised by the mag-
netic field, to the point where they no longer feel the
effect of the confinement, which in turn closes the band
gap. The behaviour of the gap closing in the analytical
model is given by the m < 0 energy levels which, cf. the
previous discussion, are not observed in the experiments,
and could account for the discrepancy. Tunable band
gaps are expected to vanish in the presence of disorder
[35, 36], further indicating that the structures considered
in our work have extraordinarily low edge-roughness.

Finally, we turn our attention to the possibly most
striking feature of our data, which is the presence of
the moiré-induced satellite peak present after nanostruc-
turing. In the pristine graphene, the influence of the
moiré-induced potential causes second-generation Dirac
cones to appear near the supercell Brillouin zone edges
[48], which subsequently forms their own Landau lev-
els under the application of a magnetic field. However,
in our nanostructured graphene, the behaviour at the
satellite peak is markedly different - instead of second-
generation massless Dirac fermions, the behaviour is sim-
ilar to that of the main neutrality point of the nanostruc-
tured graphene, see Fig. 5. In particular, the magnitude
and width (in VG) of the insulating region decreases upon
increasing magnetic field. Here it is clear that the mag-
netoresistance of the two peaks in the pristine graphene
is positive, as expected for graphene, while the nanos-
tructured graphene exhibits a clear negative magnetore-
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the minimum feature size to the magnetic length, lB . In this plot, any solution to the analytical model will trace the same
line, and vice versa for the tight-binding simulations. Experiments and simulations are seen to agree remarkably well, while
the band gap of the analytical model closes more slowly with increasing magnetic field.

sistance in both peaks, associated with the closing band
gap. From tight-binding calculations it has been shown
that the details of the charge carriers at the main neutral-
ity point, such as Fermi velocity or sublattice symmetry
breaking, directly influences the higher energy second-
generation Dirac fermions [49, 50]. Furthermore, from
magnetic focusing experiments it has been shown that
the specific sample geometry also influences the second-
generation Dirac fermions [51]. Since the behaviour at
the main neutrality point in our sample is also governed
by the sample geometry, it stands to reason that this

should also govern the second-generation Dirac fermions.
While it is generally believed [9] that moiré superlattices
lead to self-similar transport behaviour, at this point in
time, however, it is unclear to which degree the substrate-
induced moiré-interaction is expected to clone the fea-
tures of the main neutrality point in systems with sub-
stantially engineered band structures such as ours.

The highly regular, low edge-disorder quality of our
nanostructured graphene, along with the excellent agree-
ment with quantum simulations and analytical models
clearly demonstrates that top-down fabrication is a vi-
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Figure 5. Cloning of engineered band structure: (A) Sections of ρxx near the moiré-induced satellite and main peak,
for both the pristine and nanostructured graphene. The satellite peaks shows similar features as the main peaks, indicating
that the substrate-induced moiré superlattice has cloned the engineered band structure. This is further shown in (B), where
it is seen that the magnetoresistance of both main and moiré peaks increases in the pristine graphene, while it decreases for
both peaks of the nanostructured graphene. A negative magnetoresistance is expected for the nanostructured graphene, the
increasing magnetic field closes the band gap. The fact that a negative magnetoresistance is also seen at the moiré peak is a
further indication that the engineered band structure is cloned by the substrate-induced moiré interaction.

able route towards true band structure engineering and
sophisticated manipulation of the quantum transport be-
haviour of graphene devices. The realisation that nano-
lithography on the scale of the Fermi wavelength is possi-
ble without compromising graphene’s excellent transport
properties represents a significant breakthrough in the
decade-long effort to realise the many exciting theoretical
predictions based on “perfectly” nanostructured materi-
als. Even the most delicate features, e.g. effects due to
the moiré interference at interfaces, are preserved by the
techniques described here. Furthermore, the possibility
of combining nanostructuring with moiré superlattice ef-
fects in graphene, opens up for exciting possibilities in
atomic scale band structure engineering of 2D materials.

METHODS

Device fabrication

The vdW heterostructures used in this study were fab-
ricated using the so-called hot pick-up technique [31],
based on Ref. [15], and the technique is described in
detail in the Supplementary Information. The device
consists of hBN encapsulated graphene situated on a
graphite back gate, where the top and bottom hBN are
6 nm, and 30 nm thick, respectively. After vdW stacking,
the device is shaped into a multi-terminal Hall-bar and
contacted using Cr/Au (5 nm/50 nm) edge contacts [15].
Both of these steps are performed using standard EBL
techniques. After metallisation and lift-off, all the termi-
nals of the Hall-bar are electrically characterised at room
temperature to ensure that the sample is homogeneous
and of high quality.

For the nanostructured graphene, single-shot EBL was
used to define a triangular array of holes with a center-to-
center distance of 35 nm, estimated diameter of 20 23 nm,
and minimum feature sizes of w = 12 15 nm. Due to a
consistent etch angle of ≈ 66◦ in hBN (see Supplementary
Information) it is critical to have a thin top hBN crystal
in order to achieve a successful pattern transfer into the
underlying graphene.

Electrical characterisation

All electrical measurements were performed using ei-
ther standard lock-in techniques (17.77Hz and 30 nA
source current), or using Keithley 2182a nanovoltmeters
with a Keithley 6221 sourcing a current of 30 nA in delta-
mode. Magnetotransport was performed in an Oxford
TeslatronPT, with a base temperature of 1.5K. Unless
stated, all temperatures were 4K.

Ensemble-averaged tight-binding simulations

The tight-binding simulations were carried out exactly
the same way as in Ref. [36], and briefly outlined here.
In the nearest-neighbor orthogonal tight-binding model,
the Hamiltonian can be written as

Ĥ =
∑

〈i,j〉

tij ĉ
†
i ĉj ,

where ĉi and ĉ†j are creation and annihilation operators,

respectively, and 〈i, j〉 denotes nearest neighbours. The
hopping parameter is tij = teiφij , where φij is the Peierls
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phase, which takes into account the magnetic field, and
t = −3.033 eV is the zero-field hopping parameter. The
Peierls phase is given by φij = (e/h̄)

∫

rj

ri
A · dl, where A

is the vector potential, and ri is the position of atom i.
The magnetic field in the leads is taken to be zero, which
means that the vector potential in the Landau gauge is
given by A(r) = ŷBx̄, where x̄ = xθ(x)−(x−d)θ(x−d),
where θ is the Heaviside step function and d is the width
of the barrier region. In this gauge, the Peierls phase
becomes φij =

eB
2h̄ (yj − yi)(x̄i + x̄j).

The conductance of the system is given by the

Landauer-Büttiker formula G = 2e2

h T , where T =

Tr{ΓLG
†ΓRG} is the transmittance. We use the recur-

sive Green’s function method outlined in Refs. [45, 46]
to extract the relevant elements of the retarded Green’s
function G = ((E + iε)I −H −ΣL −ΣR)

−1, where H is
the Hamiltonian matrix, and ΣL/R are the self-energies
of the left and right leads. A small imaginary factor
iε = −it10−4 is added for numerical stability.
Since our structures are periodic in the y-direction,

any given crystal structure will lead to delicate fractal-
type features, unique to the given atomic configuration.
However, these features can effectively be suppressed by
averaging over several unique atomic configurations, as
we show in the Supplementary Information.

Analytical Dirac ring model

The Hamiltonian of this model is given by [6]

Ĥ =

[

M (r) vFΠ∓

vFΠ± −M (r)

]

.

Here, upper and lower signs correspond to K and K ′

valleys, respectively. Also, Π± = Πx± iΠy with Π = p+
eA the generalised momentum in a magnetic field B =
∇ ×A, vF is the Fermi velocity, and M(r) is a radially
varying mass-term used to confine the Dirac fermions to
a ring-shaped region, with inner and outer radius R1,
R2, and width w = R2 − R1. In particular, M(r) = 0
inside the Dirac rings (R1 ≤ r ≤ R2), and M(r) = ∞
anywhere else. The full eigenvalue equation is given in
the Supplementary Information.
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1. FABRICATION

1.1. vdW Stacking

The vdW heterostructure stacking was performed
with the hot pick-up technique [S1], based on the dry
pick-up method of Ref. [S2], with slight modifications.
As shown in Fig. S1, the hot pick-up technique has the
following steps:

1. Pick-up: A glass-slide with a block of
poly(propylene carbonate) (PPC) (CAS num-
ber 25511-85-7) coated polydimethylsiloxane
(PDMS) (SYLGARD R©184, 10:1 base:curing), is
used to pick and place the crystals∗. A crystal
is picked up by approaching the crystal with the

∗ The PDMS is glued to the glass-slide using epoxy, and is gently
plasma cleaned (O2) immediately prior to applying the PPC.

PDMS/PPC at a temperature of 55◦C, where
the PPC becomes soft and easily conforms to the
crystal. The sample is then cooled down to 40◦C,
where the PPC is sufficiently rigid to pick up the
crystal when the glass slide is (quickly) retracted.

2. De-wrinkle bake: Often the crystals will exhibit
folds and wrinkles after pick-up, severely limiting
the usable areas. This can easily be remedied by
a soft de-wrinkle bake of the glass slide, as seen in
Fig. S1. Care should be taken to not heat more
than necessary, as the crystals will tend to start
folding back onto themselves - this is especially the
case for thin crystals (sub-10 nm). Folding can be
seen on the top corner of the hexagonal boron ni-
tride (hBN) crystal in the lower panel of Fig. S1.
It is thus a good idea to do the de-wrinkle bake
under a microscope, to make sure folding is not too
severe.

3. Drop-down: The crystal on the PDMS/PPC is
aligned to a target flake. By increasing the tem-
perature of the target sample, the adsorbed wa-
ter and hydrocarbons become highly mobile, allow-
ing for the gradual contact between the crystals to
squeeze out any adsorbed contamination. The tar-
get sample is heated to ∼ 110◦C when the crys-
tal on the PDMS/PPC block is brought in contact
slowly. As full contact is achieved, the temperature
is lowered to 70◦C. At this temperature the PPC is
soft enough to be peeled off from the crystals when
the glass-slide is slowly retracted, while remaining
on the PDMS. It is thus possible to do a carefully
controlled “drop-down” of the crystal.

4. Adhesion bake: The stack of crystals on the tar-
get chip is baked at 170◦C to increase the adhesion
between the stacked crystals, relative to the SiO2

substrate, before picking them up to continue the
vdW heterostructure assembly according to step 1.

The stack is assembled from the top and down, mean-
ing that the first crystal that is picked-up is the top hBN
which then is dropped-down on the graphene. Graphene
and hBN is then picked up and dropped down on the
bottom hBN. Finally, the hBN encapsulated graphene is
picked up and dropped down on the graphite back gate,
repeating the four steps three times.
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a

b

FIG. S1. Preparation of van der Waals heterostructures: (a) Schematic outline of the hot pick-up technique for assembly
of van der Waals heterostructures. PPC is brought in contact with the target hBN crystal at 55◦C, cooled to 40◦C, and the hBN
is picked up. If wrinkles appear in the crystal after being picked up, these can be straightened out by baking the PPC+crystals
at elevated temperatures (70◦C-110◦C). The hBN is now brought in contact with the next crystal, e.g. graphene. By raising the
temperature to 110◦C during contact, adsorbed species on the crystals become highly mobile, thus making it easier to squeeze
them away as the crystals are gradually put in contact. When in full contact the hBN is “dropped down” on the graphene, by
slowly retracting the PPC at 70◦C. The sample can now be baked on a hot-plate at 170◦C for 30 minutes or more, to promote
adhesion between the crystals. The entire process can now be repeated, i.e. the hBN+crystal can be picked up, de-wrinkled,
dropped down on another crystal, baked, and picked up. (b) De-wrinkle bake of hBN after pick-up. As the temperature is
gradually increased, the PPC becomes soft enough for wrinkles in the hBN to be smoothed out.

1.2. Graphene to hBN etch selectivity

Due to the inclusion of a graphite back-gate, it is
important that the bottom hBN dielectric, separating
the device and the gate, is of high quality and not
damaged by etching of the upper layers. For this reason,
we have developed reactive ion etch (RIE) recipes, which
are highly selective towards either graphene or hBN.
In particular, we use a low power SF6 etch for etching
of hBN, which stops on the graphene layer, which is
fluorinated in the process, and a low power O2/Ar etch
which is perfectly selective between graphene and hBN.
This greatly eases fabrication compared to commonly
used gases such as CHF3, which etches graphene, hBN,
and SiO2 at approximately the same rate. Relevant
etch-rates are given in Table S1, and all etching was
performed in an SPTS Pro ICP system.

hBN etch parameters: For hBN etching, we use a gas
of SF6 at 80 sccm, a relatively high pressure of 80mTorr,
and a forward power of 75W at 13.56MHz, with the coil
of the ICP-RIE system turned off.
Graphene etch parameters: For graphene etching,
we use a gas of O2/Ar at 5/15 sccm, a relatively high

pressure of 80mTorr, and a forward power of 20W at
13.56MHz, with the coil of the ICP-RIE system turned
off.

Care should be taken to properly clean and precondi-
tion the plasma chamber prior to using these recipes, as
residual gas species from other process runs can ruin the
selectivity. While we stress that the selectivity and etch-
rates might be different in other etching systems, a guid-
ing principle should be to use high pressure, low power,
careful cleaning between etching steps, and no addition
of O2 when etching the hBN.

TABLE S1. Reactive ion etching etch rates:. In con-
trast to the often used CHF3 gas, highly selective etching of
hBN and graphene can be done with pure SF6 or O2/Ar, re-
spectively. Furthermore, SF6 imparts only low damage to the
SiO2 substrate.

Material CHF3 (nm/min) O2/Ar (nm/min) SF6 (nm/min)

Graphene 30 15 0
hBN 30 0 400
PMMA 30 80 31
SiO2 30 0 <7
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1.3. hBN etch angle and edge-roughness

1.3.1. hBN etch angle

The hBN etch angle and consistency is of great im-
portance for a successful pattern transfer and fabrication
planning, especially in the case of ultra-dense nanopat-
terning, as it turns out. If the angle is too shallow, the
intended structure will not be successfully transferred to
the underlying graphene, while an inconsistent etch angle
will lead to increased edge roughness. Figure S2 shows
the measured etch angle, φ, of lines in hBN, relative to
vertical, spanning 90 degrees of in-plane angles, covering
all crystallographic directions of hBN.
We measure the etch angle in hBN to be 66.05◦±0.65◦

and independent of the lattice orientation of the hBN
crystal, which leads to smooth edges in circular struc-
tures. The geometric relation between the diameter of
the (designed) hole on the surface of the top hBN, D,
and the diameter of the (actual) hole in the graphene, d,
is

d = D − 2h cot (φ) (S1)

where h is the thickness of the hBN and φ is the etch
angle, as shown schematically in Fig. S2.

1.3.2. Reducing edge-roughness

Even anisotropic etching of dense nanostructures in
graphene has been shown to result in edge-roughness
and defected graphene on the scale of 1.5 nm to 3 nm
[S3]. If our samples display the same level of roughness,
the triangular lattice with 35 nm period and 21 nm
diameter will result in more than 20% of the remaining
graphene being defected. To avoid such levels of disor-
der, the etching should thus be quite gentle while being
able to transfer the intended pattern to the graphene
successfully. Since the etching recipes presented here are
highly selective between hBN and graphene, it is only
necessary to improve the performance of the hBN etch.

During testing and optimization of our processes, we
consistently saw increased disorder in nanostructured
hBN where the holes completely punch through the
crystal. Under identical process conditions, thick hBN
crystals, or samples where the selective SF6 etch termi-
nates on the graphene, were consistently well-defined
compared to thinner hBN where the etch punched
through to the SiO2 substrate. This is shown in Fig.
S3a-b, which shows two samples fabricated with the same
process parameters in the same process run, but where
the etch in Fig. S3a went all the way through the crystal
(hBN thickness < 15 nm), while the etch in Fig. S3b
did not penetrate all the way (hBN thickness > 50 nm).
Similarly, we see much lower edge-roughness when etch-
ing our vdW heterostructures, where we use the selective

SF6 etch to only etch the top hBN, as shown in Fig. S3d.

1.4. Nanostructuring

Electron beam lithography was carried out in a 100 keV
JEOL JBX-9500FS system, with the positive e-beam re-
sist polymethyl methacrylate (PMMA) as an etch mask.
We use a 2%wt solution of 996K PMMA from Sigma-
Aldrich, dissolved in anisole and spin-coated to a 50 nm
thick layer on the device. A thin layer is used to minimize
forward scattering and ensure a well-defined pattern-
transfer.
We found that the best results, regarding resolution

and low roughness, were obtained using single-shot ex-
posures for the nanostructures. Doses are thus reported
in units of fC/dot instead of the conventional µC/cm2.
Various developers for the PMMA were tested, includ-
ing; IPA, ethanol, IPA:H2O (3:1), ethanol:H2O (3:1).
IPA:H2O was tested at both -17◦C and 20◦C. IPA and
ethanol at 20◦C yielded similar results, with the highest
pattern-density and widest process latitudes, and IPA
was thus used for fabrication of the nanopatterning pre-
sented in the main text.
Figure S4 shows the process latitude for periods of

30 nm to 50 nm triangular lattices, along with the diam-
eter versus dose for the 50 nm period. We find similar
diameter vs dose relations for all our nanostructures in
hBN.

2. CALCULATIONS

2.1. Tight-binding simulations

Tight-binding simulations were made for a pattern
with roughly 4 times smaller dimensions than in the
nanostructured region of the experimental device, namely
with a center-to-center distance of 35a ≃ 8.61 nm and
round holes with radius R = 9a ≃ 2.21 nm. Scaling rules
are used to convert the simulation result to the equivalent
result of a larger structure: By scaling all lengths with a
factor a, the energy becomes E/a and the magnetic field
becomes B/a2, in accordance with [S4]. We take four
rows of holes in the transport (armchair) direction and
use periodic boundary conditions in the perpendicular di-
rection. Also, the conversion factor between gate voltage,
VG, and energy was determined by fitting against Lan-
dau levels of the pristine part of the spectrum and gave
rise to VG = 125 V

eV
E2. The exact value of the radius

does not seem to play an important role for the Landau
level features. Furthermore, the type and strength of the
disorder also seems to play only a minor role. Since our
structures are periodic in the y-direction, any given crys-
tal structure will lead to delicate fractal-type features,
unique to the given atomic configuration. However, the
these features can effectively be suppressed by averaging
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a b

FIG. S2. Etch angle of hexagonal boron nitride: (a) Etch angle of hBN relative to horizontal, φ, as a function of the
angle between the etch pattern and the hBN lattice. The etch angle is seen to be independent of the orientation relative to
the hBN crystallographic direction. (b) Optical micrograph of the etched hBN flake and a sketch of the angles influence on
pattern-transfer through a hBN flake.
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FIG. S3. Reducing edge-roughness during reactive ion etching: SEM images of a hexagonal lattice with a period of
35 nm etched into (a) a thin hBN (< 15 nm) and (b) a thick flake of hBN (> 50 nm). Scale bars are 100 nm. (c-d) shows
schematics of the proposed etch dynamics in the two situations of a punch through and no punch through.

over several unique atomic configurations, as we show in
Fig. S5. We incorporate the effects of small amounts
of edge-disorder by allowing for random removal of the
inner-most edge atoms around each hole, with a certain
probability. For each presented magnetotransport cal-
culation, this procedure is repeated 10 times, resulting
in ensemble-averaged spectra. For a chance of 5% and
higher to remove an edge atom, we recover most of the
features of the experimental results.

2.2. Analytical Dirac ring calculations

The Dirac model is described in Ref. S5, and will be
briefly outlined here. A graphene ring with inner and
outer radius R1 and R2 is considered in a perpendicular
magnetic field. The Dirac equation is given by HΨ =
EΨ with wave function spinor Ψ = (ψA, ψB)

T and the
Hamiltonian H = (p̂ + eA) · (σx, σy)T +M(r)σz, where
σx,y,z are Pauli matrices, p̂ is the momentum operator, A
is the vector potential, and M(r) is a piecewise constant
mass term, which takes into account the confinement of
electrons by the ring, with M(r) → ∞ outside the ring
and given by the moiré induced half-gap ∆m inside. As
the geometry has perfect circular symmetry, the spinor
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FIG. S4. Process lattitude and dose-dependant hole sizes: (a) Process latitude of the e-beam dose as a function of the
period of a triangular lattice. For doses to be in the process latitude, all holes have to be present, and no holes may be merged
within the 2µm by 2µm pattern area. (b) Diameter variation with increasing dose for the 50 nm period lattice. (c) Sections
of SEM micrographs of the 50 nm period images used for the plot in (b), the images are colour framed to match the plot.

components can be written as a product of angular and
radial parts,

ψA (r, φ) = f (r) eimφ, (S2)

where m is an integer quantum number describing the
angular momentum of the state. A similar expression

holds for ψB . The problem is then solved by requiring
continuity of both spinor components on the R1 and R2

boundaries, which gives rise to an eigenvalue condition,

0 =
{

U−m
−ε2

(

ρ22
)

[

εL−m−1

ε2

(

ρ21
)

− ρ1L
−m
ε2−1

(

ρ21
)

]

− εL−m−1

ε2

(

ρ22
)

[

U−m
−ε2

(

ρ21
)

+ ρ1εU
1−m
1−ε2

(

ρ21
)

]

+ρ2εU
1−m
1−ε2

(

ρ22
)

[

ρ1L
−m
ε2−1

(

ρ21
)

− εL−m−1

ε2

(

ρ21
)

]

− ρ2L
−m
ε2−1

(

ρ22
)

[

U−m
−ε2

(

ρ21
)

+ ρ1εU
1−m
1−ε2

(

ρ21
)

]}

×
{

ε2L−m−1

ε2

(

ρ21
)

U1−m
1−ε2

(

ρ21
)

+ L−m
ε2−1

(

ρ21
)

U−m
−ε2

(

ρ21
)

}−1

, (S3)

that is solved numerically. Here ε = E/ (~ωc) is dimen-

sionless energy, ~ωc =
√
2~vF /lB is the cyclotron energy,

ρ = r/
√
2lB is the dimensionless radial coordinate, and

lB =
√

~/ (eB) is the magnetic length. Furthermore,

U b
a (z) is the confluent hypergeometric function of the

second kind,

U b
a (z) =

Γ (1− b)

Γ (a+ 1− b)
1F1 (a; b; z)

+
Γ (b− 1)

Γ (a)
z1−b

1F1 (a+ 1− b; 2− b; z) , (S4)

where Γ(n) is the Gamma function, Lb
a (z) is the gener-

alized Laguerre function,

Lb
a (z) =

Γ (b− 1 + a)

Γ (b− 1) a!
1F1 (−a; b+ 1; z) , (S5)

and 1F1 (a; b; z) is the confluent hypergeometric function
of the first kind,

1F1 (a; b; z) =
Γ (b)

Γ (b− a) Γ (a)

∫ 1

0

eztta−1(1− t)
b−a−1

dt.

(S6)

We stress that numerical evaluation of the hypergeomet-
ric functions is far from trivial, and we recommend the
usage of the arbitrary-precision floating-point mpmath

package for Python [S6], or equivalent implementations
in Wolfram Mathematica.

In Fig. S6 we show a selection of Dirac ring band
structures for 10 nm6 R1 6 25 nm and 30 nm6 R2 6

45 nm , with red (blue) bands corresponding to polarised
states belonging to the K (K ′) valley. Three prominent
trends of the band structures can be seen:



6

g

a b c d e f

h

i

j

k

FIG. S5. Ensemble-averaging of different edge-configurations: (a-f) Different random configurations of edge disorder
in our simulations. The disorder is introduced by randomly moving atoms on the very edge of the hole, followed by elimination

of any dangling bonds. The following four panels shows ensemble-averaged conductance, Gxx = 2e2

h
Txx, from tight-binding

transport simulations at different degrees of disorder. (g-j) The four panels, from top to bottom, represents random removal of
atoms on the edge of the holes with a probability of 0%, 3%, 5%, and 10%, respectively. The gate voltage, VG, was determined
by fitting Landau levels to the pristine graphene part, which gave rise to the conversion factor VG = 125 V

eV
E2, where E is the

energy used in the tight-binding models. (k) For comparison the experimental data is included.

(i) Rings with the same width, w, also possess the same
B = 0T half-gap, following

Eg/2 = ∆0 = 1 eVnm/w, (S7)

which also defines the spacing between subsequent bands.
This is similar to the energy gap scaling seen in graphene
nanoribbons [S7].
(ii) The inner radius, R1, defines the spacing of the bands
emerging towards E = 0. This is similar to the semi-
classical bands described in the main text and Ref. [S4],
as well as the measured magnetoresistance oscillations,

and corresponds to electronic states confined by a mag-
netic field around the inner perimeter.
(iii) At any finite magnetic field, the valley-degeneracy
is lifted, with the conduction- and valence-band of the
K (K ′) valley moving up (down) in energy as the mag-
netic field is increased. This continually decreases the
band gap, and when the magnetic length, lB , i.e. the
length-scale associated with localization of charged par-
ticles due to the magnetic field, is much smaller than
the width of the rings the band gap is effectively closed.
In other words, when the charge carriers are confined to
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length-scales much smaller than the geometric confine-
ment, the band gap is closed, and the usual Landau-
levels of single-layer graphene emerges. This effect has
been theoretically predicted in Ref. [S8].

2.3. Gapped carrier density

While the Hall-measurement of the pristine area shows
the expected linear relation between gate voltage and car-
rier density, the Hall-measurement of the Dirac ring area
exhibits a gap in the carrier density, as shown in Fig. 2C
of the main text. This behaviour is consistent with the
absence of charge carriers in gapped graphene, with the
expected carrier density given by

n =

∫ ∞

−∞

[f (E − EF )− f (E)]D (E) dE. (S8)

Here f(E) is the Fermi function, EF is the Fermi energy,
and we use the gapped graphene model for the density of

states [S9], D (E) = 2|E|
~2v2

F
π
θ (EF −∆), with the half-gap

given by ∆ = Eg/2 and θ is the Heaviside step function.

3. SUPPORTING TEXT

3.1. Moiré superlattice effects

In the pristine area of the device, we observe satel-
lite peaks at VG = V0 ± 7.55V corresponding to a moiré
period of λm,1 = 10.2 nm, and at VG = V0 − 2.65V cor-
responding to a λm,2 = 17.2 nm. V0 is the gate voltage
at the charge neutrality point. The λm,1 peak is also
present in the nanostructured area of the device.
The moiré period is calculated by [S10, S11]:

λm,1 =

√

8√
3∆α∆VG

, (S9)

where α is the lever arm constant relating the applied
gate voltage to the number of induced charge carriers,
as measured by Hall measurements. For the sample pre-
sented in the main text, α = 5.87×1011 cm−2V−1. Given
a twist angle, θ, of the graphene relative to the underly-
ing hBN substrate, the shortest possible moiré period is
[S10]

λm,1 =
(1 + δ)a

√

2(1 + δ)(1− cos(θ)) + δ2
, (S10)

where δ is the lattice mismatch of 1.8% for hBN and
graphene, and a is the lattice constant of graphene,
0.246 nm. Given our data, λm,1 = 10.2 nm correspond
to a twist angle of θ = 0.9◦. Given Eq. S3 the shortest
possible moiré period for graphene on hBN never will
exceed ∼ 14 nm, and the moiré period of 17.2 nm can

therefore not be explained by this simple picture.

Indications of moiré superlattices with longer period-
icities have been observed in literature. In Ref. [S12]
Chen et al. [S12] reports the emergence of >14 nm
periods, based on a slightly closer inspection of the hBN-
graphene superlattice. The hBN-graphene superlattice
has three main regions; one where the boron atoms are
in the centre of the carbon hexagons of the graphene,
one where the nitrogen atoms are in the centre of the
carbon hexagons, and finally a region where the atoms
in the graphene and the hBN lattice are on top of each
other. The most commonly observed moiré pattern
corresponds to the superlattice constructed of the two
regions where the boron/nitrogen atoms are in the
centre of the carbon hexagons, as shown by the blue
and red regions connected by a white hexagon in Fig.
S7. A secondary moiré pattern, corresponding to the
superlattice constructed by the areas where the atoms
in hBN and graphene are on top of each other, yield
period a factor of

√
3 larger than the conventional moiré

pattern, as illustrated with the orange hexagon in Fig.
S7.
Another report of >14 nm periods was recently presented
by Wang et al. [S13], in devices where the graphene is
aligned to both the top and bottom encapsulating hBN.
In particular, they found that the two superlattices from
the aligned graphene can result in a third superlattice,
with periods larger than 14 nm, as evidenced from
transport measurements.

While our measured λm,2 of 17.2 nm is very close to√
3 · 10.2 nm = 17.7 nm (cf. Chen et al.), it should be

noted that according to Chen et al. higher period moiré
patterns were shown to appear at higher energies, while
we observe the larger wavelength pattern to appear at
lower energies, i.e. in line with Wang et al.

3.2. Extraction of half-gaps from Arrhenius plot

Figure S8 shows the temperature dependency of the
minimum conductance, σmin, for the pristine and nano-
structured regions of the device. From the Arrhenius
relation, σ ∝ exp [∆/(kBT )], we can extract activation
energies, ∆ = Eg/2, from the linear parts of inverse
temperature plotted against ln(σmin), where kB is the
Boltzmann constant. In systems with multiple activa-
tion energies, the higher activation energies dominate at
higher temperatures while the lower activation energies
dominate at lower temperatures [S14]. We extract one
activation energy of ∆ ≈ 14± 1meV in both the pristine
and nanostructured regions, and one of ∆ ≈ 74± 11meV
which is only seen in the nanostructured region. The size
of the smaller activation energy fits well with earlier re-
ported moiré-induced half-gaps of graphene devices with
similar small twist angles to the present work [S15], while
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FIG. S6. Dirac ring eigenvalues: Eigenvalue spectrum for Dirac rings of various inner and outer radius, R1 and R2,
respectively, as a function of magnetic field and energy. Red (blue) energy levels correspond to the K (K′) valley. All
structures with the same width, R2 −R1, have the same band gap and emergent band spacing.

FIG. S7. Moiré lattice from graphene on hexago-

nal boron nitride: Schematic of the moiré pattern in
graphene/hBN heterostructure with a twist angle of 0.9 ◦.
Gray, blue and red dots indicate the location of the carbon,
boron and nitrogen atoms. The unit cell and period, λm,1, of
the primary moiré superlattice is marked with white, and the
larger unit cell and period, λm,2 =

√
3 ·λm,1, of the secondary

moiré is marked with an orange hexagon [S12].

we attribute the larger activation energy to the gap in-
duced by nanostructuring of the graphene. However, the
larger gap was only evident in the Arrhenius plots at tem-
peratures above ∼200K. Since our measurement setup
does not support heating, we were unable to extract more

data points, and the exact value extracted here should
thus be used with some caution. It does, however, fit
well with the expected value of the half-gap, both from
theory and from the zero-field half-gap estimation.
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FIG. S8. Extraction of half-gaps from Arrhenius plots:

Arrhenius plot of the temperature, T , vs minimum conduc-
tance, σmin, for the pristine and nanostructured graphene.
At lower temperatures a small half-gap associated with the
hBN-G moiré-interaction can be seen in both areas, with
∆ ≈ 14meV, while at higher temperatures a larger half-gap of
∆ ≈ 74meV can be seen in the nanostructured device, which
is associated with the half-gap due to lithographic nanostruc-
turing.
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3.3. Zero-field half-gap estimation of the

nanostructured region

The nanostructured region is insulating in a regime
of ∆VG ≈ 2.1V, where the resistivity is higher than
h/e2. That is, the total conductance is smaller than
the quantum conductance, even considering the four-fold
carrier degeneracy of graphene, which is the same as the
Ioffe-Regel criterion for localization in 2D semiconduc-
tors [S16, S17]. This width can be used to estimate the
size of the half-gap,

∆gap = Eg/2 = ~vF
√

πα∆VG/2, (S11)

similar to the approach used for other semiconducting
materials based on graphene [S18, S19], yielding ∆gap =
92meV. Accounting for the 14meV moiré-induced half-
gap, we thus estimate the size of the zero-field half-gap
in the nanostructured region to be ∆0 = 78meV, cor-
responding to a width, w = 1nm · eV/∆0, of ∼ 13 nm,
which matches very well the expected range of dimen-
sions, 12-15 nm, of the holes in the nanostructured area
of the graphene device.

3.4. Additional magnetotransport data of the

pristine and nanopatterned areas

In Fig. S9 we show additional magnetotransport data,
which includes ρxx, ρxy, σxx, and σxy of both the pristine
and nanopatterned areas. The conductivity is calculated
as σxx,xy = ρxx,xy/

(

ρ2xx + ρ2xy
)

, with ρxx = (W/L)Rxx

and ρxy = Rxy, where L and W are the length and
width of the Hall-bar, respectively. For the data from
the nanostructured area presented here, a small measure-
ment artifact can be seen around VG = −1V, which did
not show up at subsequent measurement cycles. For clar-
ity, the artefact has been removed in the data presented
in the main text.
We would like to highlight the ρxx and ρxy data from

the nanostructured area in particular. From the ρxx data,
it is now much more clear how the insulating region, at-
tributed to the formation of a band gap, decreases as the
magnetic field strength is increased. The colorscale has
been chosen such that the ρxx = h/e2 is white, which
helps highlight the transition from insulator to metal.
For the ρxy data, we draw attention to the relatively large
signal at B = 0T, approximately for the same range of
gate voltages as the width of the insulating region seen
in the ρxx data. This effect will be discussed below in the
context of a band-gap induced non-zero Berry curvature.

3.5. Investigation of non-zero ρxy at B = 0T

3.5.1. Transport data

The presence of a magnetic field gives rise to the
Lorentz force, F ∝ v×B, acting on charge carriers, which

in turn gives rise to transverse currents; the Hall effect.
Similarly, the presence of a non-zero Berry curvature, Ω,
gives rise to a force acting on momentum, F ∝ p × Ω,
which is transverse to the applied electric field, i.e. the
transport direction [S20]. In the gap of gapped graphene,
this Berry curvature is given by

Ω = ±~
2v2F∆

2ǫ3
p

, (S12)

with the typical dispersion for gapped graphene given by

ǫp =
√

v2Fp
2 +∆2. (S13)

In other words, a finite zero-field ρxy can be ex-
pected in single-layer graphene with a gap in the band
structure. Such effects have indeed been observed
in single-layer graphene with a moiré-induced band
gap [S21] using non-local measurements to detect the
topological currents, with ρxy reaching values of ∼ 600Ω.

In Fig. S10 we show zero-field (B = 0T) data for both
the pristine and nanostructured areas of our device.
For the pristine area with a moiré-induced half-gap,
∆m = 14meV, we detect a small non-zero ρxy reaching
values of ∼ 0.006 · h/e2 = 150Ω. For the nanostructured
graphene, however, where we estimate a half-gap on the
order of ∆0 = 78meV, we observe a relatively large ρxy
reaching values of ∼ 0.3 · h/e2 = 7700Ω. This peak
in ρxy is centred around the insulating regime where
ρxx > h/e2, as highlighted by the shaded area, which
is also expected from a sample with non-zero Berry
curvature [S21].

However, as non-local measurements were not per-
formed in this study, we will in the following section try
to highlight other possible sources of this large zero-field
transverse signal.

3.5.2. COMSOL study

A much simpler explanation of the finite ρxy would be
trivial geometric effects due to redirected current flow in
the highly patterned region. To investigate if this can ac-
count for the experimental observations, we simulate the
device with a full-scale finite element simulation (FES).
The geometry was defined in COMSOL 5.3 as shown in
Fig. S11a-b which closely matches the device in layout
and proportions. The model was constructued by in-
troducing two different materials, corresponding to the
pristine region (P), and a narrow fringe-like annulus zone
(A) surrounding each hole, see Fig. S11b. The key pa-
rameter is the (spatial) electrical sensitivity, which is a
well-established quantity that describes the influence of
a local disturbance on a device-level electrical measure-
ment variable, in this case the Hall resistance, as in Ref.
[S22], where finite element sensitivity calculations such as
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FIG. S9. Additional magnetotransport data: Additional magnetotransport data, ρxx, ρxy, σxx, and σxy, for the pristine
and nanopatterned areas, as a function of applied magnetic field, B, and gate voltage, VG. Base temperature was ∼ 4K.

ours are compared to magnetic scanning gate microscopy
measurements.

Electrical sensitivity maps were generated with COM-
SOL 5.3, in the two relevant measurement configurations:

Hall configuration (V1,V2,V3,V4) = (S, V−, V+,D), us-
ing contact numbering from Fig. S11c. with source (S),
drain (D) and measurement probes (V−, V+), and Hall-
Prime configuration, (V1,V2,V3,V4) = (V−, S, D, V+).
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FIG. S10. Non-zero ρxy at B = 0T: Zero-field (B = 0T) longitudinal, ρxx, and transverse, ρxy, resistivity for the
nanostructured (a) and pristine (b) graphene as a function of gate voltage, VG. A large transverse signal is present in the
nanostructured graphene, reaching ρxy = 0.3 · h/e2 = 7700Ω.

The x and y component of the current density (Jx, Jy)
are simulated for both configurations. The sensitivity, S,
for the Hall measurement was then calculated using [S23]

S = Jx · JPrime
x + Jy · JPrime

y . (S14)

The normalized sensitivity
(∫∫

S dx dy = 1
)

is shown in
Fig. S11c. The center of the Hall cross has zero sensi-
tivity while areas of maximum sensitivity are observed
at the corners of the cross. As a result, any geometrical
asymmetries in those areas, for instance due to differ-
ences in the precise location of holes near the four cor-
ners, will potentially lead to a finite transverse signal at
zero magnetic field. To investigate the response of ρxy
at B = 0T , gate dependent FES were performed using
COMSOL 5.3. Both materials from Fig. S11a had a
gate-dependent conductivity defined by [S24]

σ = ntotµq, (S15)

ntot =
√

n2
0 + n2, (S16)

n =
Cgate(VG − V0)

q
, (S17)

with σ being the conductivity, ntot the carrier concen-
tration, µ the mobility, q the electronic charge, n0 the
carrier concentration (due to charged impurities) at the
charge neutrality point, n the carriers induced by gate
voltage, VG, Cgate is the capacitance per unit area of
the gate, and V0 is the gate voltage at the charge neu-
trality point. For both zones P and A in the model,

V0 = 0V and n = 2.8 · 1011 cm−2, with the mobilities
being set to 15,000 cm2V−1s−1 and 600 cm2V−1s−1 for
pristine and nanostructured area, respectively. A bound-
ary current source was set at 10µA, while the voltage
difference was extracted in the x and y direction of the
nanostructured and the pristine section. A parametric
sweep of VG was performed from -5V to +5V with a
stepsize of 20mV. The results are shown in Fig. S11d-e.
For ρxx of the nanostructured graphene, the experimen-
tal and FES data are in good agreement. While ρxy ∼ 0
in the pristine region as expected, a zero-field peak ap-
pears both in the FES and the experimental data for the
nanostructured region. The important point to note here
is that for the FES, the ρxy /ρxx is a constant, i.e. the
Hall signal is a small, constant fraction (∼1/50) of the
longitudinal conductivity. In contrast, the experimental
data has a far more prominent ρxy which does not scale
with ρxx, as shown in Fig. S11f. We checked that the
ratio ρxy /ρxx does not flatten out upon addition of a
random voltage offset, which could have occurred in the
measurement. We also checked different placements of
the superlattice on the Hall bar, which did not change
the overall picture. The observation of a pronounced, fi-
nite ρxy for the nanostructured region, which cannot be
accounted for by trivial geometrical effects (asymmetric
placement of holes in regions with high electrical sensi-
tivity) supports the hypothesis that the Hall response
testify the presence of a Berry curvature, as expected for
gapped graphene.
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FIG. S11. COMSOL simulation details: (a) Geometry of the device discussed in the main text used for FES. (b) Zoomed
image of the nanostructured area. (c) Normalised electrical sensitivity map for a Hall measurement with the geometery from
a). (d) Comparison of the electrically measured ρxx (black) and finite element simulation data for the nanostructured area
(red). (e) Comparison of the electrically measured ρxy (black) and finite element simulation data for the nanostructured area
(red) and the pristine section (blue). (f) Ratio of ρxy/ρxx for the nanostructured area for finite element simulation data (red)
and electrically measured with various offsets added to the ρxy data.
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