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Moiré superlattices formed in stacks of two
or more 2D crystals with similar lattice struc-
tures have recently become excellent platforms
to reveal new physics in low-dimensional systems.
They are, however, highly sensitive to the angle
and lattice constant differences between the asso-
ciated crystals, limiting the range of the material
choice and the possible moiré patterns for a given
2D crystal. Here, we present a novel approach to
realize an atomically flat substrate with a periodic
moiré pattern that can induce the moiré potential
on the material on top by van der Waals (vdW)
interactions, without suffering from the lattice
and angle mismatch. By constructing a twisted
hBN (thBN) moiré substrate at an angle of about
1◦, we show that the graphene on top, aligned
around 15◦ with the neighboring hBN layers, ex-
hibits typical transport properties under a hexag-
onal moiré potential, including multiple satellite
Dirac points (DPs), Hofstadter butterfly effect,
and Brown-Zak oscillations. All features point to
the existence of the moiré potential in graphene
formed by thBN with ∼1◦ twist angle. Further
statistical study shows that the twist from a par-
allel interface between the hBN layers is critical
to induce the moiré potential. Our study demon-
strates that the thBN moiré substrate can be used
to investigate moiré physics in arbitrary materi-
als without being constrained by their lattice con-
stants.

Thanks to the atomically flat and chemically inert
surface, the hexagonal boron-nitride (hBN) flakes have
widely been used as a substrate or a protective layer to
preserve high quality electronic properties of various 2D
crystals [1, 2]. Moreover, the hBN layer aligned with
graphene has shown the first experimental evidence of
the moiré superlattice potential that induces satellite
DPs , Hofstadter butterfly effect , and Brown-Zak os-
cillations [3–9]. The study was soon expended to other
moiré systems, especially to twisted 2D crystals that
exhibit various new physics, such as correlation effects
in twisted graphene layers [10–12], unconventional topo-
logical states in twisted transition metal dichalcogenides
(TMDCs) [13–15], and more. Most of the relevant stud-
ies, however, have primarily focused on creating homo-
twisted layers or hetero-layers with similar lattice con-

stants, thereby limiting the range of materials studied in
moiré physics and the type of moiré pattern for a given
2D crystal [16, 17].

Recently, twisted hBN (thBN) layers have shown in-
teresting ferroelectric properties [18, 19] that can effec-
tively modify electronic transport through graphene on
top [18, 20]. This offers an interesting opportunity to
expand experimental access to diverse moiré systems be-
cause such a twisted hBN interface was expected not only
to have a ferroelectric behavior but also to form a hexag-
onal moiré pattern that can be induced to the target
material on top through van der Waals (vdW) interac-
tions [21]. Since the vdW interaction doesn’t suffer from
angle or lattice mismatch [22, 23] and the hBN itself is an
excellent protection layer for 2D crystals, the thBN moiré
substrate can be used to induce moiré potential on target
materials while preserving their electronic qualities [21].
Followed by a pioneering theory [21], some studies have
shown an experimental evidence of the moiré pattern at
the thBN interface by local scanning probe and optical
measurements [24–27]. However, a clear transport signa-
ture of the moiré potential induced on target material by
thBN layers has been absent.

To demonstrate that the moiré potential formed at the
thBN interface can be induced to the material on top,
we use graphene as the target material because the ef-
fect of the moiré potential on graphene has well been
established [4–6, 28], making it the most reliable exper-
imental platform to examine the effect of the induced
moiré potential. For this, we have fabricated a dual-gated
Hall bar composed of Au/Cr/hBN/graphene/thBN/hBN
on highly doped silicon substrate by dry pick-up and
transfer method [29] and standard e-beam lithography,
as schematically shown in the top left inset of Fig. 1a
(see Methods). During stacking, we have intentionally
rotated neighboring layers by approximately 15◦ except
for the two hBN layers that form the thBN interface
(Fig. 1a) to prevent unintentional alignment between
hBN and graphene and to ensure that any signature of
the moiré potential in our measurements originates from
the thBN interface rather than other interfaces. We have
made samples with different alignments in thBN inter-
face for comparison. We have fabricated the parallel-
stacked thBN interface either by cut-and-stacking two
bilayer hBN layers at 58.5◦, corresponding to a paral-
lel twist at 1.5◦ (device P1), or by stacking two nearby
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bilayer hBN flakes exfoliated from the same single crys-
tal at 1◦ (device P2). Secondly, We have also fabricated
the anti-parallel stacked thBN interfaces as summarized
in Table I.Selecting bilayer hBN ensures a strong mod-
ulation of the graphene band structure under the moiré
potential, as the moiré strength is expected to exponen-
tially decay with the distance between the thBN interface
and graphene [21].

Fig. 1b illustrates the longitudinal resistance Rxx of
graphene in device P2 in a logarithmic scale at two dis-
tinct pairs of the voltage probes indicated in the Fig. 1a.
In addition to the main Dirac point (MDP), secondary
Dirac point (SDP), tertiary Dirac point (TDP), and qua-
ternary Dirac point (QDP) on both hole and electron
sides are clearly visible, with positions at ±2 V, ±3.3 V,
and ±5.6 V in top gate voltage (VTG) respectively. The
nearly same positions of the multiple resistance peaks
across the two pairs of voltage probes, Rxx1 and Rxx2,
indicate a highly uniform moiré period across the de-
vice region. These multiple DPs, in addition to the
MDP, are more clearly visible in a color plot of Rxx1

versus both VTG and a back gate (VBG) shown in the
Fig. 1d, where we can find a quinary Dirac point marked
by the orange triangle. It is obvious that the features of
Rxx originating from higher-order DPs in our devices ap-
pear stronger compared to those found in hBN/graphene
moiré systems [30, 31], possibly due to different moiré
strengths [28] in these two systems. Similar features are
shown in device P1 but with fewer number of DPs (see
Extended Data Fig. 1).

To confirm that the resistance peaks observed were
from the higher-order DPs formed by the moiré poten-
tial and to estimate the corresponding charge density, we
carried out classic Hall effect measurements under mag-
netic field of B = 0.5 T, which exhibits a clear reversal
of the sign of the Hall resistance Rxy at MDP and SDPs
(Fig. 1c). This reversal distinctly reflects the formation
of hole-like and electron-like carriers near these higher-
order DPs, indicative of the formation of higher-order
Dirac cones in the band structure of graphene. More-
over, using the gate capacitance estimated from the data
CTG = 9.7 × 1011 cm−2V−1, we found that the position
of the SDP (VTG = ±2 V) yields a density 4n0 with
4n0 = 1.94 × 1012 cm−2 that corresponds to the moiré
wavelength of λ = 15.4 ± 0.1 nm, much larger than the
maximum wavelength of 14.2 nm that can be created in
hBN/graphene moiré systems but matches well with the
moiré wavelength expected for the thBN interface at a
twist angle of θ = a

λ ≈ 0.93◦ where a represents the
lattice constant of hBN. This estimated value is close
to the nominal angle of 1◦ (device P2) that we aimed
during fabrication. The larger moiré wavelength com-
pared to the maximum in graphene-hBN moiré provide
further evidence that the observed features in Rxx and
Rxy originate from the thBN interface rather than acci-
dental alignment between graphene and hBN.

The effect of the moiré potential in graphene-thBN
heterostructures is further clearly visible in magneto-
transport measurements. Fig. 2a,b present the magneto-
transport of graphene over the thBN in device P2, which
is measured by scanning VTG from B = 12 T to B = −1
T. The conventional quantum Hall effect (QHE) can be
clearly identified when the carrier density is close to the
MDP but away from the SDP, which is marked by the
black dashed straight line originating from the MDP in
Fig. 2a. These lines are extracted from the minima inRxx

and plateaus in Rxy that give the monolayer graphene
filling factor ν ≡ nϕ0/B = ±2, ±6, ±10, ... [32], where
ϕ0 = h/e is the magnetic flux quantum and h is the
Planck’s constant. In addition, a similar Landau fan
structure arising from the hole-side SDP (hSDP) can also
be observed, corresponding to a filling factor ν = ±2, de-
noted by the black dashed line in Fig. 2a. By analyzing
the data at various magnetic field strengths in Fig. 2a,
Fig. 2c illustrates the positions of ν = ± 2 for hSDP, rep-
resented by Rxx minima indicated by red and blue trian-
gles, respectively. Additionally, the Landau fan originat-
ing from the electron-side SDP (eSDP) is discernible in
Fig. 2a, exhibiting a filling factor ν = ±2 and ±6. These
analogous Landau fan diagrams arising from SDP result
from the formation of Hofstadter minibands under strong
superlattice modulation [7], indicative of the Hofstadter
butterfly spectrum.

To elucidate Hofstadter minibands originating from
the moiré potential more distinctly, we plot a longitudi-
nal conductivity σxx = ρxx

ρ2
xx+ρ2

xy
as a function of n/n0 and

B in Fig. 3a as the minima in the color map can be cor-
related with energy gaps in the Hofstadter spectrum [8].
By constructing the well-known Wannier diagram [33],
Fig. 3b, using the Diophantine relation n

n0
= t ϕ

ϕ0
+ s

where ϕ = B/n0 is the magnetic flux per moiré unit
cell, we can identify a set of Hofstadter minibands. We
found that the red solid lines in Fig. 3a represent Landau
level gaps originating from the MDP, with a filling factor
ν = 4(N + 1

2 ) (N is an integer) while the blue broken
lines represent σxx minima fanning out from the hSDP,
eSDP, and hTDP and the black dotted lines indicate en-
ergy gaps that cannot be traced back to all DPs and
are attributed to replicas of the original Dirac spectra
originating from a pure-case magnetic field (B1/q) [34].
Around ϕ/ϕ0 = 1/q, the electron behaves as if it is in zero
magnetic field, where Landau levels are quantized in the
effective magnetic field Beff ± |B−B1/q|, leading to the
observation of local Landau fan signatures marked by the
black line in Fig. 3b. These analysis clearly confirm that
the moiré potential is induced in graphene.

Finally, we provide another evidence of the moiré-
induced feature in graphene, the Brown-Zak oscilla-
tion [35–37], in our system. Fig. 4a,b illustrate σxx and
σxy in device P2 versus ϕ0/ϕ, displaying clear periodicity
in the inverse of the magnetic field, ∆(1/B) = 1

ϕ0n0
. This
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periodicity arises from the recursive cloning of the origi-
nal Dirac spectra when ϕ/ϕ0 = 1/q, known as the Brown-
Zak oscillation. We note the absence of higher-order mag-
netic Bloch band features with p > 1, attributed to the
reduced Fermi velocity in the flatter higher-order bands
with p > 1 [9]. Moreover, this periodicity in 1/B en-
ables us to determine the wavelength of the moiré super-

lattice by 1/n0 =
√
3λ2

2 without relying on gate capaci-
tance information. We estimate the moiré wavelength of
λ = 14.6±0.1 nm corresponding to a twist angle of 0.98◦,
very close to the nominal twist angle of 1◦ in our exper-
iment. This consistency of angles clearly demonstrates
that the measured moiré effects in our device originate
from the designed thBN interface. We also found that
the oscillation persists up to high temperature (Fig. 4c,d)
which is the characteristic feature of the Brown-Zak os-
cillation distinguishing it from the Shubnikov-de Haas
oscillations [9, 37].

Having confirmed that the moiré potential is induced
in graphene on parallel-stacked thBN layers at around 1◦

twisting angle (devices P1 and P2), we now discuss the
effect of twisting angle and the stacking order of the thBN
layers on the moiré potential. As shown in the Table I,
we found that there is no clear moiré feature observed
in graphene on anti-parallel stacked thBN layers (devices
A1-A3). This is consistent with the theoretical expec-
tation [21] and EFM characterization [24] as in the anti-
parallel interface, the polarization becomes nearly zero at
thBN interface, significantly reducing the strength of the
moiré potential. Moreover, even in the parallel-stacking,
we found that the twisting angle can neither be too small
nor larger than around 1◦. At small angle near 0.5◦, lat-
tice reconstruction would occur to form AB-BA domains
that give rise to ferroelectric switching [18]. This will
compete with the moiré pattern in the thBN layers. On
the other hand, if the twist angle is too large, the moiré
strength is expected to be reduced since the Coulomb
potential from thBN exponentially decays with the twist
angle [21]:

V (R⃗, z) ∝ e
− 4πθ|z|√

3a , (1)

where R⃗ is the position vector in graphene, z is the dis-
tance between graphene and the thBN interface, θ is
the twist angle in thBN, and a is the lattice constant of
hBN. Furthermore, a larger twist angle can also weaken
the lattice relaxation further [24] and significantly reduce
the strength of the moiré potential. Although more con-
trolled experiments are needed because of the difficulties
in controlling the twisting angle with a 0.2-0.3◦ precision
due to unwanted strain or flake rotation during staking,
we have indeed found that the devices P3-P6 that were
aligned at a twisting angle near or larger than 1◦ don’t
exhibit clear moiré features even when they are paral-
lelly stacked (see Table I and Supplementary for more
discussions about the statistics).

Our study clearly demonstrates that the moiré poten-
tial created by thBN layer can be induced to the mate-
rial on top even when the target material is not aligned
with the neighboring hBN layer. This study, therefore,
can be extended to other 2D materials beyond graphene,
irrespective of differences in their crystal constants. Fur-
thermore, the orientation of the moiré potential is deter-
mined by the thBN, providing the flexibility to position it
at any angle relative to the target material. This flexibil-
ity serves as another parameter for engineering the mini-
band structure. Therefore, the moiré potential created at
the thBN interface acts as an ultraflat moiré substrate,
offering a novel platform for studying the effects of moiré
potential on various 2D materials while preserving their
electronic qualities.

METHODS

Device fabrication Graphene and thick hBN (20-40
nm) were exfoliated from the crystals from NGS Natur-
graphit and from 2D Semiconductors respectively onto
a silicon substrate coated with 285 nm SiO2 proceed by
oxygen plasma [38] in advance, whose thickness is esti-
mated from optical contrast or color under white illumi-
nation. The few-layer hBN was exfoliated onto a silicon
substrate coated with 90 nm SiO2 to enhance contrast.
SHG measurement was done to determine the layer num-
ber more precisely by distinguishing odd and even layers.
The vdW pick-up method, using a polydimethylsiloxane
PDMS)/poly(Bisphenol A carbonate) (PC) stamp [29], is
employed to assemble flakes into heterostructures, where
PDMS is hemisphere dome for continuous and slow con-
tact during stacking [39]. The two flakes in thBN are
formed by either cut-and-stack or stacking two nearby
flakes. The first method was achieved by mounting a thin
(diameter: 50 nm) metal tip on an manipulator and cut-
ting an exfoliated flake to two parts. The second method
is taken due to the nearby flakes sharing similar crystal
direction.
After stacking the vdW heterostructure, the required

gate electrode was deposited with Cr/Au=5/50 nm.
Then, 1D electrical contact to graphene [40] was defined
by plasma etching (CF4/O2 with a flow rate of 100/25
sccm, power: 50 W to etch hBN and O2 with a flow rate
of 5 sccm, power: 100 W to etch graphene), followed by
deposition of Cr/Au=5/50 nm. Finally, plasma etching
was used to define the Hall bar shape of the devices for
transport measurements.
Electric transport measurement The device was
placed into a cryogenic system filled with Helium (Lake
Shore CRYOGENICS) capable of reaching temperatures
as low as about 1.6 K for electric transport measure-
ments. The temperature in all figures is 1.6 k if not spec-
ified. The measurements were conducted under a cur-
rent bias of 10 nA in AC mode. A homemade low-noise
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and low-frequency electric measurement system (LLEM)
combined with lock-in amplifiers (SR830) were employed
to minimize noise during the measurements, with the fre-
quency set at 17.777 Hz. The gate voltages were applied
by source meters (Keithley 2400 or DC205).
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Extracted
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FIG. 1. Observation of moiré features in graphene on thBN interface (device P2). a, Left: A device schematic
where TG denotes a metal top gate and BG represents back gate with highly doped silicon substrate. Middle: An optical
image of the device P2 (scale bar: 2 µm). Right: The graphene-hBN alignment in the device and the corresponding hBN
stacking order in thBN. b, The longitudinal resistance Rxx1 and Rxx2 of graphene in a logarithmic scale as a function of VTG

at different voltage probes marked in a, measured at T = 1.6 K and VBG = 0 V. Red, green, blue, and purple triangles mark
the resistance peaks of Rxx at MDP, SDP, TDP and QDP respectively. c, Longitudinal resistance Rxx1 in logarithmic scale
(left axis) and Hall resistance Rxy (right axis) as a function of VTG at B = 0.5 T. The sign of Rxy changes at the same gate
voltage as the Rxx peaks at MDP, SDP and TDP at hole side, confirming that these peaks are from high-order DPs. d, A
color plot of Rxx1(VTG, VBG). The black dashed lines mark the position of the DPs at different order.



7

FIG. 2. Magneto-transport of graphene on thBN. a, A color plot of Rxx as a function of a top gate voltage VTG and
magnetic field B. The positions of Landau levels are marked by black dashed lines, with filling factors ν ≡= ±2, ±6, ±10, ±14
from MDP, ν = ±2 from hSDP, and ν = 2, ±6 from eSDP. b, A color plot of Rxy as a function of VTG and B. c, 1D cuts of
the map in a, Rxx(VTG), near hSDP at B = 10 T, 8 T, 6 T, and 4 T, respectively from top to bottom. The red (blue) triangle
denotes ν = −2(2).
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FIG. 3. Hofstadter butterfly effect. a, Conductivity σxx as a function of n/n0 and B, with the right axis indicating the
value of ϕ/ϕ0, where pure states (1/q) are marked on the ticks. b, Observed Hofstadter miniband features in Wannier diagram.
The gray grid represents the Wannier’s grid obtained from the Diophantine relation, n

n0
= t ϕ

ϕ0
+ s, indicating the energy gap in

the Hofstadter’s butterfly. Different colors denote various features in a. The red line indicates the expected single-particle gaps
with ν = 4(N + 1

2
) (N is an integer) and the many-body gap ν = 0 originating from the MDP [41]. The blue line represents

minima in the σxx fanning out from hSDP (s = −4), hTDP (s = −8), and eSDP (s = 4) respectively. The black line denotes
σxx minima features fanning out not from all DPs.
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FIG. 4. Carrier density and magnetic field dependence of Brown-Zak (BZ) oscillations. a, Longitudinal conductivity
σxx as a function of normalized carrier density (n/n0) and ϕ0/ϕ measured at 1.6 K, showing periodicity at ϕ0/ϕ = q. b, The
same as a but measured in Hall conductivity σxy . c, Longitudinal conductivity σxx as a function of ϕ0/ϕ in the valence band
at n/n0 > 1 measured at 100 K. d, The same as c with carrier density doping to the conduction band. Black dashed lines
mark the position with p = 1, while orange and light blue dashed denotes the position with p = 2 and p = 3, respectively.
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Extended Data Figure. 1. Data from device P1. a, Rxx1 and Rxx2 of graphene measured at two sets of probes (marked in
the inset) in a logarithmic scale as a function of VTG that exhibits a set of high-order DPs. The inset shows the optical image
of the device P1 (scale bar: 2 um). b, Rxx (left axis) and Rxy (right axis) as a function of VTG at B = 0.5 T, displaying the
reversals of the sign of Rxy at the Rxx peaks. c, Hall carrier density nH vs. VTG, where the linear fitting of nH vs. VTG close
to the MDP gives the capacitance of about 4.092 × 1011 cm−2V−1. d, A color plot of Rxx as a function of VTG and VBG,
showing clear features from high-order DPs.
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