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ABSTRACT: The specific rotational alignment of two-
dimensional lattices results in a moire ́ superlattice with a
larger period than the original lattices and allows one to
engineer the electronic band structure of such materials. So
far, transport signatures of such superlattices have been
reported for graphene/hBN and graphene/graphene systems.
Here we report moire ́ superlattices in fully hBN encapsulated
graphene with both the top and the bottom hBN aligned to
the graphene. In the graphene, two different moire ́ super-
lattices form with the top and the bottom hBN, respectively.
The overlay of the two superlattices can result in a third
superlattice with a period larger than the maximum period (14
nm) in the graphene/hBN system, which we explain in a simple model. This new type of band structure engineering allows one
to artificially create an even wider spectrum of electronic properties in two-dimensional materials.
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Superlattice (SL) structures have been used to engineer
electronic properties of two-dimensional electron systems

for decades.1−8 Because of the peculiar electronic properties of
graphene,9 SLs in graphene are of particular interest10−16 and
have been investigated extensively utilizing different ap-
proaches, such as electrostatic gating,17−19 chemical doping,20

etching,21−23 lattice deformation,24 and surface dielectric
patterning.25 Since the introduction of hexagonal boron nitride
(hBN) as a substrate for graphene electronics,26 moire ́
superlattices (MSLs) originating from the rotational alignment
of the two lattices have been first observed and studied by
scanning tunneling microscopy (STM).27−29 It then triggered
many theoretical30−33 and experimental studies, where
secondary Dirac points,34−36 the Hofstadter Butterfly,34−38

Brown-Zak oscillations,34−39 the formation of valley polarized
currents,40 and many other novel electronic device character-
istics41−46 have been observed.
Recently, another interesting graphene MSL system has

drawn considerable attention, the twisted bilayer graphene,
where two monolayer graphene sheets are stacked on top of
each other with a controlled twist angle. For small twist angles,
insulating states,47 strong correlations,48 and a network of
topological channels49 have been reported experimentally.

More strikingly, superconductivity50,51 and Mott-like insulator
states51,52 have been achieved, when the twist angle is tuned to
the so-called “magic angle”, where the electronic band
structure near zero Fermi energy becomes flat, due to the
strong interlayer coupling.
So far, MSL engineering in graphene has concentrated

mostly on MSLs based on two relevant layers (2L-MSLs).
However, fully encapsulated graphene necessarily forms two
interfaces, namely at the top and at the bottom, which can
result in a much richer and more flexible tailoring of the
graphene band structure. Because of the 1.8% larger lattice
constant of hBN, the largest possible moire ́ period that can be
achieved in graphene/hBN systems is limited to about 14
nm,29 which occurs when the two layers are fully aligned. This
situation changes when both hBN layers are aligned to the
graphene layer. Here, we report the observation of a new MSL
which can be understood by the overlay of two 2L-MSLs that
form between the graphene monolayer and the top and bottom
hBN layers of the encapsulation stack, respectively. Figure 1
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illustrates the formation of the MSLs when both hBN layers
are considered. On the right side of the illustration, only the
top hBN (blue) and the graphene (black) are present, which
form the top 2L-MSL with period λ1. The bottom hBN (red)
forms the bottom 2L-MSL with graphene, shown on the left
with period λ2. In the middle of the illustration, all three layers
are present and a new MSL (3L-MSL) forms with a longer
period, indicated with λ3. The influence of the MSL can be
modeled as an effective periodic potential with the same
symmetry. The periodic potentials for the top 2L-MSL and the
bottom 2L-MSL are calculated following the model introduced
in ref 29, shown as insets in Figure 1. To calculate the
potentials for the 3L-MSL, we sum over the periodic potentials
of the top 2L-MSL and the bottom 2L-MSL. The period of the
3L-MSL from the potential calculation matches very well the
one of the lattice structure in the illustration. In the transport
measurements, we demonstrate that MSL with a period longer
than 14 nm can indeed be obtained in doubly aligned hBN/
graphene/hBN heterostructures, coexisting with the graphene/
hBN 2L-MSLs. These experiments are in good agreement with
a simple model for the moire ́ periods for doubly aligned hBN/
graphene/hBN devices.
We fabricated fully encapsulated graphene devices with both

the top and the bottom hBN layers aligned to the graphene
using a dry-transfer method.53 We estimate an alignment
precision of ∼1°. A global metallic bottom gate is used to tune
the charge carrier density n, and one-dimensional Cr/Au edge
contacts are used to contact the graphene53 (see inset of Figure
2a). Transport measurements were performed at 4.2 K using
standard low-frequency lock-in techniques.
The two-terminal differential conductance, G, of one device,

shown as inset of Figure 2c, is plotted as a function of n in
Figure 2a (data from other devices with similar characteristics,
including bilayer graphene devices, are presented in the
Supporting Information). The charge carrier density n is
calculated from the gate voltage using a parallel plate capacitor
model. The average conductance is lower on the hole side (n <
0) than on the electron side (n > 0), which we attribute to n-
type contact doping resulting in a p−n junction near the
contacts. The sharp dip in conductance at n = 0 is the main
Dirac point (MDP) of the pristine graphene. Our device shows
a large field-effect mobility of ∼90 000 cm2 V−1 s−1, extracted
from a linear fit around the MDP. The residual doping is of the

order δn ≈ 1 × 1010 cm−2, extracted from the width of the
MDP. In addition to the MDP, we find two pairs of
conductance minima symmetrically around the MDP at higher
doping, labeled A and C, which we attribute to two MSLs. The
minima on the hole side are more pronounced than their
counterparts on the electron side, similar to previously
reported MSLs.29,34−36

On the basis of the simple model of periodic potential
modulation,11,29,31 superlattice Dirac points (SDPs) are
expected to form at the superlattice Brillouin zone boundaries
at k = G/2, where G 4 /( 3 )π λ| | = is the length of the
superlattice wavevector and λ is the moire ́ period. For
graphene, k is related to n by k nπ= . The position of the
SDPs in charge carrier density for a given period λ is then ns =

Figure 1. Illustration of three different MSLs formed in a hBN/
graphene/hBN heterostructure. Blue, black, and red hexagonal lattices
represent top hBN, graphene, and bottom hBN lattices, respectively.
ϕ1 (ϕ2) is the twist angle between top (bottom) hBN and graphene.
θ1 (θ2) indicates the orientation of the corresponding MSL with
respect to graphene. The resulting moire ́ periods are indicated with
λ1,2,3. The 3L-MSL (middle part) has a larger period than both 2L-
MSLs (left and right parts). Insets: moire ́ potential calculations.

Figure 2. Electronic transport at 4.2 K. (a) Two-terminal differential
conductance G as a function of charge carrier density n. In addition to
the MDP, there are four other conductance minima at nsA ≈ ±2.4 ×
1012 cm−2 (green dashed lines) and nsC ≈ ±1.4 × 1012 cm−2 (blue
dashed lines), respectively. The top axis shows the moire ́ periods

n4 /3 sλ π= . The red dashed lines indicate the longest period
(lowest density) for a graphene/hBN MSL. Inset: schematic of the
cross section of our device. (b) dG/dn as a function of n and B of the
same device. Filling factors fan out from all DPs, except for the blue
one on the electron side and are indicated on top of the diagram,
calculated as ν ≡ nh/(eB), where n is counted from each DP. (c)
Zoom-in on the left side of (b). There are additional lines fanning out
from an even higher density nsB ≈ 5.2 × 1012 cm−2, labeled B. The
filling factors of these lines are 34, 38, 42, 46 and 50, respectively.
Inset: micrograph and experimental setup of the presented device. “S”
and “D” are the source and drain contacts, respectively.
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4π/(3λ2). The pair of conductance minima at nsA ≈ ± 2.4 ×
1012 cm−2 can be explained by a graphene/hBN 2L-MSL with
a period of about 13.2 nm. However, the pair of conductance
minima at nsC ≈ ± 1.4 × 1012 cm−2 cannot be explained by a
single graphene/hBN 2L-MSL, because it corresponds to a
superlattice period of about 17.3 nm, clearly larger than the
maximum period of ∼14 nm in a graphene/hBN moire ́ system.
We attribute the presence of the conductance dips at nsC to a
new MSL that is formed by the three layers together: top hBN,
graphene and bottom hBN. This 3L-MSL can have a period
considerably larger than 14 nm.
To substantiate this claim, we now analyze the data obtained

in the quantum Hall regime. Figure 2b shows the Landau fan
of the same device, where the numerical derivative of the
conductance with respect to n is plotted as a function of n and
the out-of-plane magnetic field B. Near the MDP, we observe
the standard quantum Hall effect for graphene with plateaus at
filling factors ν ≡ nh/(eB) = ±2, ±6, ±10, ... with h as the
Planck constant and e as the electron charge. This spectrum
shows the basic Dirac nature of the charge carriers in graphene.
The broken symmetry states occur for B ⩾ 2T, suggesting a
high device quality. Around the SDPs at nsA ≈ ±2.4 ×
1012cm−2, the plot also shows filling factors ν ≡ (n − nsA)h/
(eB) = ±2, ±6, ... consistent with previous graphene/hBN
MSL studies.34 Around the SDPs at nsC ≈ ± 1.4 × 1012 cm−2,
there are also clear filling factors fanning out on the hole side
with ν ≡ (n − nsC)h/(eB) = ±2, which is consistent with a

Dirac spectrum at nsC, while on the electron side the
corresponding features are too weak to be observed. In
addition, lines fanning out from a SDP located at density n <
− 3 × 1012 cm−2 are observed. A zoom-in is plotted in Figure
2c. The lines extrapolate to a density of about −5.2 × 1012

cm−2, denoted nsB with filling factors ν = 34, 38, 42, 46, ... This
density cannot be explained by the “tertiary” Dirac point
occuring at the density of about 1.65nsA, which comes from a
Kekule ́ superstructure on top of the graphene/hBN MSL.54

However, nsB matches the SDP from a MSL with a period of
about 9 nm. We therefore attribute it to a 2L-MSL originating
from the alignment of the second hBN layer to the graphene
layer.
As derived in refs 29 and 33, the period λ for a graphene/

hBN MSL is given by

a(1 )

2(1 )(1 cos ) 2
λ δ

δ ϕ δ
= +

+ − + (1)

where a (2.46 Å) is the graphene lattice constant, δ (1.8%) is
the lattice mismatch between hBN and graphene and ϕ
(defined for −30° to 30°) is the twist angle of hBN with
respect to graphene. The moire ́ period is maximum at ϕ = 0
with a value of λ ≈ 14 nm. This corresponds to the lowest
carrier density of nmin ≈ ±2.2 × 1012 cm−2 for the position of
the SDPs (red dashed lines in Figure 2a). The orientation of
the MSL is described by the angle θ relative to the graphene
lattice

tan
sin

(1 ) cos
θ ϕ

δ ϕ
= −

+ − (2)

For the graphene/hBN system, one finds |θ | ≲ 80°.29 These
two equations describe the top 2L-MSL and the bottom 2L-

MSL, as shown schematically in Figure 1. The functional
dependence of λ and θ on ϕ is plotted in Supporting
Information Figure S1.
In a fully encapsulated graphene device, not only one, but

both hBN layers can be aligned to the graphene layer so that
two graphene/hBN 2L-MSLs can form. In this case, the
potential modulations of the two 2L-MSLs are superimposed
and form a MSL with a third periodicity. The values of the
resulting periods can be understood based on Figure 3a. The

vectors g⃗, b⃗1, and b⃗2 denote one of the reciprocal lattice vectors
for the graphene, the top hBN, and the bottom hBN layers,
respectively. The twist angle between the top (bottom) hBN
and graphene is denoted ϕ1 (ϕ2). Following the derivations in
refs 29 and 33, one of the top 2L-MSL (bottom 2L-MSL)
reciprocal lattice vectors k1⃗ (k2⃗) is given by the vector
connecting g⃗ to b⃗1 (b⃗2). The moire ́ period λ1,2 is then given by

k4 /( 3 )1,2 1,2λ π= | ⃗ | , which is explicitly described by eq 1 as a
function of the twist angle ϕ1,2. Since the reciprocal lattices of
the top 2L-MSL and the bottom 2L-MSL are triangular, the
same as those for graphene and hBN, we can use the same
approach to derive the 3L-MSL, which is described by the

Figure 3. (a) Schematics in reciprocal space for the formation of
different MSLs, where g⃗, b⃗1, b⃗2, k1⃗, k2⃗, and k3⃗ are one of the reciprocal
lattice vectors for graphene, top hBN, bottom hBN, top 2L-MSL,
bottom 2L-MSL, and 3L-MSL, respectively. N is an integer, which can
be 1, 2, or 3. (b) λ3 plotted as a function of ϕ1 and ϕ2 for all possible
twist angles. (c) Zoom-in of (b) for small twist angles. Numbers on
the contour lines indicate the values of λ3 in nm.
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vector connecting k2⃗ to k1⃗, denoted k3⃗. The 3L-MSL period is

then given by k4 /( 3 )3 3λ π= | ⃗ | .
In order to calculate λ3 using eq 1, we first need to find the

new a, δ, and ϕ. Because of symmetry, we only consider ϕ1 <
ϕ2, so λ2, the smaller period of the two graphene/hBN 2L-
MSLs, becomes the new a and the new δ will then be given by
(λ1 − λ2)/λ2. The new ϕ, denoted ϕ3, is determined by |θ1 −
θ2|, where θ1 (θ2) is the relative orientation of the top 2L-MSL
(bottom 2L-MSL) with respect to the graphene lattice,
described by eq 2. Different cases occur for ϕ3 due to the
60° rotational symmetry of the lattices. Since ϕ in eq 1 is
defined for −30° to 30°, we subtract multiples of 60° to bring
ϕ3 to this range if it is larger than 30°, given as

For the first case, the 3L-MSL is effectively the MSL formed
by the two hBN layers, as illustrated in the left panel of Figure
3a. Another case is shown in the right panel, where multiples of
60° are subtracted, which is equivalent to choosing another
reciprocal lattice vector for k2⃗ so that it makes an angle within
±30° with k1⃗.
Figure 3b plots all possible values for λ3, as a function of ϕ1

and ϕ2, by using eq 1 with the new parameters. Theoretically
λ3 varies from below 1 nm to infinity, but one finds values
larger than 14 nm only for small twist angles (see Figure 3c).
For most angles λ3 is very small, which explains why MSLs
with periods larger than 14 nm have not been reported in
previous studies, where only one hBN layer was aligned
intentionally to the graphene layer.
Most of Figure 3c can be understood intuitively. On the line

of the right diagonal with ϕ1 ≡ ϕ2, we have λ1 = λ2 and θ1 = θ2,
therefore ϕ3 = 0, which results in λ3 =∞. This case is similar to
the twisted bilayer graphene with a twist angle of 0, which does
not form a MSL (or a MSL with infinitely large period). On
the diagonal line in the left part with ϕ1 ≡ −ϕ2, one has λ1 =
λ2, but θ1 = −θ2. As |ϕ1 | = | ϕ2| increases, θ1 = −θ2 evolves (see
Supporting Information Figure S1). Therefore, ϕ3 can have
nonzero values, resulting in different λ3 values. This case is
again similar to the twisted bilayer graphene, but with a tunable
twist angle. Whenever the difference of the orientation of the
top 2L-MSL and the bottom 2L-MSL becomes multiples of
60° (i.e., θ1 = −θ2 = 30° or 60°), the arrangement is equivalent
to the full alignment of the two 2L-MSL due to the 60°
rotational symmetry of the MSLs. In this case, ϕ3 is reset to 0,
therefore λ3 diverges, giving rise to the two maxima, which is
equivalent to the diagonal on the right part. The kinks on the
contour lines come from the 60° rotational symmetry of the
lattices, where |ϕ3| = 30°.
We now compare this simple model to our experiments.

From the SDPs at nsA ≈ ±2.4 × 1012 cm−2, we calculate the
corresponding moire ́ period λ1 ≈ 13.2 nm and the twist angle
|ϕ1| ≈ 0.34. Similarly, for the extrapolated SDP at nsB ≈ − 5.2 ×
1012 cm−2, we obtain λ2 ≈ 9 nm and |ϕ2| ≈ 1.2°. The two twist
angles give us two points in the map in Figure 3c: ∼17.2 nm
for (0.34°, 1.2°) and ∼27.1 nm for (−0.34°, 1.2°). The ∼17.2
nm matches very well the value ∼17.3 nm extracted from the

new-generation SDPs at nsC ≈ ±1.4 × 1012 cm−2 in the
transport measurement, which confirms that the new-
generation SDPs come from the 3L-MSL.
We fabricated five hBN/graphene/hBN heterostructures in

total, two of which exhibit 3L-MSL features. Data from devices
of the second heterostructure are presented in the Supporting
Information, which has a 3L-MSL with λ3 ≈ 29.6 nm.
In conclusion, we have demonstrated the emergence of a

new generation of MSLs in fully encapsulated graphene devices
with aligned top and bottom hBN layers. In these devices, we
find three different superlattice periods, one of which is larger
than the maximum graphene/hBN moire ́ period, which we
attribute to the combined top and bottom hBN potential
modulation. Whereas our model describes qualitatively the
densities where these 3L-MSL features occur, the precise
nature of the band structure distortions is unknown. The
alignment of both hBN layers to graphene opens new
possibilities for graphene band structure engineering, therefore
providing motivation for further studies. Our new approach of
MSL engineering is not limited to graphene with hBN but
applies to two-dimensional materials in general, such as twisted
trilayer graphene, graphene with transition metal dichalcoge-
nides, and so forth, which might open a new direction in
“twistronics”.55,56
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