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ABSTRACT: Crystalline films offer various physical properties based on
the modulation of their thicknesses and atomic structures. The layer-by-
layer assembly of atomically thin crystals provides a powerful means to
arbitrarily design films at the atomic level, which are unattainable with
existing growth technologies. However, atomically clean assembly of the
materials with high scalability and reproducibility remains challenging. We
report programmed crystal assembly of graphene and monolayer hexagonal
boron nitride, assisted by van der Waals interactions, to form wafer-scale
films of pristine interfaces with near-unity yield. The atomic configurations
of the films are tailored with layer-resolved compositions and in-plane
crystalline orientations. We demonstrate batch-fabricated tunnel device
arrays with modulation of the resistance over orders of magnitude by
thickness control of the hexagonal boron nitride barrier with single-atom
precision and large-scale, twisted multilayer graphene with programmable
electronic band structures and crystal symmetries. Our results constitute an important development in the artificial design of large-
scale films.

KEYWORDS: graphene, hexagonal boron nitride, twisted graphene, van der Waals heterostructures, layer-by-layer assembly,
two dimensional materials, tunnel device

Since the reports of various two-dimensional (2D) materials
after the isolation of graphene, the assembly of these

materials into artificial structures has been intensely studied for
discovery of novel properties and fabrication of advanced
nanodevices.1 The assembly of 2D materials provides a variety
of van der Waals structures by structural degrees of freedom
that are difficult to achieve with conventional deposition
techniques of bulk materials or thin films that exploit self-
assembly processes and has two unique advantages. First, the
separation of the growth and assembly steps enables various
combinations of materials that have incompatible growth
conditions.2,3 Second, the absence of chemical bonds between
adjacent layers allows for control of the crystalline orientation
of individual layers to modulate the atomic configurations of
the whole structure.4,5 Therefore, even with small varieties of
2D materials, numerous multilayer structures have been
fabricated to host programmed interactions with various
fundamental particles, including electrons,6−8 ions,9 pho-
nons,10 and polaritons.11

Graphene and hBN form the key assembly units with unique
electrical, optical, and mechanical properties. Mechanical
assembly of 2D materials, assisted by van der Waals
interactions2,12,13 produces pristine, controlled interfaces
through which the properties of final stacks are programmed.
However, current mechanical methods to assemble graphene

and hBN have low throughput, due to the lack of reliable
production of uniform assembly units. They are obtained by
either exfoliating flakes from bulk crystals or using chemical
vapor deposition (CVD) to grow films. Exfoliated flakes have
spatially nonuniform thickness and small sizes, typically on the
scale of tens of micrometers, limited by the size of bulk
crystals.12,13 Epitaxial growth by CVD produces wafer-scale
films with aligned crystallinity,14,15 but the conventional
process to assemble the films involves wet-process, which
induces interfacial contaminants.16 In the past few years, there
has been rapid progress in the assembly of large-scale transition
metal dichalcogenides;2 however, atomically clean assembly of
graphene and hBN crystals is still elusive and remains a key
technique to be developed (see Supporting Information and
Figure S1). The reliable assembly of graphene and hBN with
atomic-level precision would enable fabrication of high-quality,
van der Waals structures with greatly extended tunability.
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Realizing this approach is paramount for the discovery of new
properties and the development of devices based on 2D
materials.
Here, we report programmed crystal assemblies (PCA) of

graphene and monolayer hexagonal boron nitride (ML hBN)
films to fabricate high-quality, spatially uniform multilayer
films. Two examples are shown to represent the main
capabilities of our assembly technique. The first example is a
graphene/hBN vertical superlattice, fabricated by alternately
stacking graphene and ML hBN to a total number of layers NL
= 5 (Figure 1a). The cross-sectional scanning transmission
electron microscopy (STEM) image (Figure 1b) showed five
parallel layers with pristine interfaces, with the interlayer
spacing dz = 3.37 Å (Figure S2), which is close to the expected
value for graphene and hBN.17 Electron energy loss spectros-
copy (EELS) revealed vertical chemical compositions with
alternating C and N peaks along the out-of-plane direction
(Figure 1c). Significantly, we observe no additional signals of
contaminant elements, such as amorphous hydrocarbon.
The second example is chiral twisted graphite (CTG) with

NL progressively twisting layers around the stacking direction
with a constant interlayer rotation θi (Figure 1d). A top-down
TEM diffraction pattern of a chiral stack with NL = 6 and θi =
10° (Figure 1e) showed diffraction spots with rotational
periodicity of ∼10°, which indicates angle alignment within
±1°. The atomic structure of a chiral film was directly imaged
by cross-sectional STEM on a sample with NL = 10 and θi =
20° (Figure 1f). The graphene layers were visible as 10 bright
lines with a constant dz value of 3.41 Å (Figure S2). Three
layers (arrows), separated by 3dz, exhibit higher intensity than
the surrounding layers and lattice fringes along the in-plane
direction. Analysis of a fast Fourier transform (FFT) of the
image (Figure 1g) identified that the lattice fringes show a
periodicity of 2.15 Å, which corresponds to the graphene
lattice constant projected along the armchair ⟨1̅110⟩ direction
dx. The vertical three-layer periodicity is expected for the θi =
20° stacking configuration: Graphene has 6-fold symmetry and

should reach an equivalent orientation every three layers (20°/
layer × 3 layers = 60°). The increased intensity may be
attributed to electron channelling, which occurs when the
electron beam is oriented near a high-symmetry zone axis.
Collectively, these results (Figure 1) demonstrate that both
chemical compositions and atomic arrangements of van der
Waals structures can be controlled at the atomic-level by PCA
of graphene and ML hBN crystals.
Our PCA for atomic-scale topography involves four general

steps (Figure 2a; details in the Supporting Information): (i)
growth of high-quality graphene and ML hBN films with
uniform thickness and crystalline orientation on Ge(110)
single-crystalline substrates by CVD,14,18 (ii) mechanical
exfoliation of a film (graphene or ML hBN) using thermal
release tape after Au superlayer deposition, (iii) placement of
exfoliated film on top of another as-grown film at angle θi
(steps ii and iii are carried out NL times), and (iv) transfer of
stacked film onto a target substrate.
Epitaxial graphene and ML hBN grown on Ge(110) serve as

ideal structural-units to realize a scalable and atomically clean
assembly process. After optimal growth (Figure S3), graphene
and ML hBN showed ML thickness with uniformity >99%, low
atomic defects (Figure S4) and single crystallographic
orientation across the area of a 2 in. wafer, as confirmed by
low-energy electron diffraction (LEED) (Figures 2b and S5).
The epitaxial films have straight-edge cuts (Figure S6) with
certain crystalline orientations determined by the Ge(110) epi-
substrates, which enable control of θi without additional
characterization of the crystalline structures. Epitaxially grown
single-crystalline films, as previously grown on metals, are
usually strongly bound to them, so they must be removed by
chemical etching to isolate the films. Importantly, the
interaction energy between the Ge(110) substrate and the
as-grown films is lower than between layered materials,19 so
efficient mechanical exfoliation and stacking can be carried out
by exploiting van der Waals interactions without exposing the
interfaces to other substances, such as polymer or etchant.16

Figure 1. Artificial van der Waals films with high-quality interfaces. (a) Schematic of graphene/hBN vertical superlattice. (b) Annular dark-field
STEM image of a cross section of the graphene/hBN vertical superlattice (NL = 5). (c) EELS intensity profiles and composition maps along out-of-
plane direction. The apparent curvatures of layers in the EELS maps are a result of specimen drift during acquisition rather than real sample
roughness. (d) Schematic of CTG. (e) TEM diffraction pattern from a top view of a CTG (NL = 6, θi = 10°) that is measured as >400 nm in
diameter. (f) Annular dark-field STEM image of a cross section of CTG (NL = 10, θi = 20°). (g) FFT image of the graphene region in (f) (top,
left). Inverse FFT image of the STEM image, corresponding to the encircled spots in the FFT pattern (bottom). Schematic of the atomic structures
of the CTG (top, right).
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Multilayer films fabricated by the assembly method were
uniform over a large-scale. To demonstrate the scalability,
wafer-scale graphene films (Figure 2c) were consecutively
stacked, and the stacked film was transferred onto a SiO2/Si
substrate. To achieve efficient exfoliation, each film was larger
than the one below it. The optical spectra and image (Figures
2d and S7) of the films showed spatially uniform contrasts,
which increased linearly as the NL increased. Near-unity yield
of stacking over a macroscopic area was also confirmed by
optical absorption measurements in hBN multistacks (Figure
S7). The multilayer films offer excellent structural integrity
with minimal defects, such as cracks, and therefore yielded
suspended films on a holey grid (Figure S8).
The quality of interfaces was investigated in multilayer stacks

by conducting out-of-plane X-ray diffraction (XRD) on a
millimeter scale. The representative diffraction peak, measured

in a CTG with θi = 20° and NL = 10 over a 0.6 cm2 area
(Figure 2e, orange line) showed significantly stronger intensity
and lower full width at half maximum than in the reference
multilayer film (gray line) prepared by wet transfer. The dz of
3.42 Å, deduced from the peak position, is consistent with the
value measured by direct imaging in STEM (Figures 1f and
2h). On the basis of the Scherrer equation (Supporting
Information), the thickness of coherently reflecting lattices is
estimated as ∼3.6 nm, nearly the value of (NL − 1) × dz, which
is strong evidence of atomically clean interfaces with uniform
dz across the millimeter-scale sample size. The dz were also
measured for CTG with different θi (Figure 2f) to check the
reliability of our PCA process for arbitrary twist angle. At θi =
0°, dz was measured as 3.34 Å, which is close to the value for
the natural graphite. dz increased by 2% to 3.42 Å as θi
increased to 3°, then shows almost constant values for θi > 3°.

Figure 2. Wafer-scale PCA process for atomic-scale structural engineering. (a) Schematics of the assembly of one-atom-thick crystals, which is
conducted in all-dry conditions by exploiting van der Waals interactions. (b) LEED pattern of as-grown graphene (left) and hBN (right) on
Ge(110) substrates. (c) Grayscale optical image of wafer-scale, assembled graphene films on a SiO2/Si substrate. (d) Optical absorption values at 2
eV for films with different NL, and the expected trend (dashed line) 1 − (TSLG)

N
L, where TSLG is the reported transmittance of single-layer

graphene. (Inset: optical images of samples with different NL. Scale bar: 1 mm.) (e) XRD data for films (NL = 10, θi = 20°), prepared by PCA
(orange line) and wet-stacking processes (gray line). (f) Measured dz by XRD in CTG with different θi (orange stars) and theoretically predicted
values (gray dashed line).20 (g) Measurement schematics (left) and AFM images of the bottom surfaces of bilayer films, which are prepared by all-
dry stacking (center) and wet stacking (right) processes, respectively. The dry stacking sample shows a much flatter surface with fewer wrinkles.
(Scale bar: 1 μm, height scale: 50 nm.) (h) Cross-sectional bright-field STEM image of the film in (e) by PCA across 100 nm.
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This dependence of dz on θi is consistent with a theoretical
model (gray line),20 which considers the structural relaxation

by the interlayer interactions. As θi increases, the Bernal-
stacked regions transform to incommensurate structures with

Figure 3. Batch-fabricated tunnel devices. (a) Schematic (left) and optical image (right) of batch-fabricated Gr/hBN/Au tunnel junctions by PCA.
(b) J−V curves for hBN tunneling barriers with different NL. (Inset: NL-dependent R0A, averaged from multiple devices with a fitting (dashed line)
by a tunneling model.) (c) dI/dV−V curve for NL = 3. (Inset: Simulated curve with a tunneling model). (d) .

Figure 4. Twisted graphite with programmable electronic band structures. (a, b) Schematics for the stacking configuration and electronic band
structures of CTG with a constant rotational polarity (a) and ATG with alternating polarities (b). (c) Schematic for large-scale ARPES
measurement. (d, e) Photoemission contours at Eb of −0.06 eV for CTG (NL = 3, θi = 20°; d) and ATG (NL = 3, θi = ± 20°; e). (f, g) Band
structures for the CTG (f) and ATG (g) along dashed lines in the contour maps (d) for CTG and (e) for ATG. Dirac cones from the nearest layers
form hybridized states at HPs. Parabolic bands (red dotted lines) with minigaps (red arrows) appear at HPs.
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high local dz, so the average dz increases until the trans-
formation is complete near θi = 3.3°.5 We further examined the
cleanliness and surface morphology of multilayers by atomic
force microscopy (Figures 2g, S9, and S10), X-ray photo-
electron spectroscopy (Figure S10), and optical hyperspectral
imaging (Figure S11). Collectively, our results demonstrate
that the PCA process forms pristine interfaces.
Our PCA is a powerful tool to generate functional devices, in

which atomic-scale control of the structures with pristine
interfaces is crucial to obtain desirable properties. We
demonstrated the versatility and strength of PCA by producing
batch-fabricated tunnel device arrays. They are composed of
2D materials and metallic grids, in which vertical charge
transport is strongly affected by interfacial structures such as
thickness, atomic defects, and doping of constituent layers.21

Here, a centimeter-scale graphene film was assembled with
hBN of a controlled NL, then transferred onto gold electrodes
to form an array of metal−insulator−metal junctions (Figure
3a). The current densities J normalized by the junction area
were measured under ambient conditions. J decreased
significantly by ∼1% per layer as NL increased (Figure 3b).
Zero-bias resistance R0 multiplied by junction area A (Figure
3b, inset) was measured from 22 devices and plotted in the
Figure 3b inset. We fit the NL-dependent R0A with a basic
tunneling equation by taking the barrier height as a free
parameter on the assumption that hBN layers have ideal
thicknesses with pristine interfaces (Supporting Information).
The barrier height was deduced to 3.0 eV for hole-tunneling
current; this height is consistent with the energy difference
between Fermi level and valence band maximum of hBN on
graphite, measured by angle-resolved photoemission spectros-
copy (ARPES).22

The tunneling current is also determined by the density of
states of constituent elements. The plot of differential
conductance dI/dV versus the bias voltage V (Figure 3c)
shows a dip near the zero-bias region by suppression of
phonon-mediated tunneling,23 plus two local minima at biases
of VA and VD. Local minima develop when the Fermi level of
either electrode is aligned to the Dirac point of graphene that
has the minimum density of states (Figures 3d and S12 for
confirmation of band alignments). The simulated dI/dV curve
(Figure 3c, inset) obtained using a phonon-mediated tunneling
model for hole-transports (Figure S13) agrees well with the
experimental data; this result confirms the formation of pristine
interface with minimized defect-mediated tunneling.
The PCA method also allows scalable and clean integration

of various 2D materials, and thereby offers a general approach
to design novel van der Waals structures. As an example, the
as-grown MoS2 films were integrated with graphene at near-
unity yield to form a uniform graphene/MoS2 superlattice
(Figure S14). The result indicates that all key electronic
elements, including metal, semiconductor, and insulator can be
assembled with high-quality interfaces on a large-scale.
Furthermore, with twist at the pristine interfaces, θi-dependent
interlayer interactions occur and determine the topology and
symmetry of electronic bands.24 Therefore, θi control at
multiple interfaces realizes the variety of properties for the
given material platform.
We demonstrated a structurally tunable van der Waals

platform by fabricating two types of twisted graphite with
programmed band topologies (Figure 4a,b) that have a single
value of |θi| but different combinations of rotational polarity.
Graphene layers stacked with a constant θi toward the same

rotational polarity produce CTG with periodic electronic
bands in the momentum space, hosting equally spaced hybrid
states with minigaps by interlayer interactions (Figure 4a, right;
red-colored lines). In contrast, stacking of θi of alternating sign
with an odd NL forms achiral twisted graphite (ATG) (Figure
4b, left) with a mirror plane in the middle layer. In ATG, the
hybrid states of constituent interfaces are superimposed at the
same momentum space to interact with each other, so they
generate collective states of different topology.25−28

ARPES over a large area (100 μm × 300 μm, Figure 4c)
revealed the band structures of CTG and ATG (NL = 3, |θi| =
20°). Energy-dispersion cross sections were obtained along the
multiple Dirac points and hybridization points (HPs, defined
in Figure S15) in the momentum space (Figure 4d,e). In CTG
(Figure 4f), three equally spaced, conical bands with gradually
attenuating intensities formed minigaps at HPs at constant
energy (red arrows) and parabolic bands (red dotted lines)
(Figures S15−17 for additional data); this result represented
hybridization between bands from adjacent layers. In ATG
(Figure 4g), the interlayer hybridizations also happened near
the crossing point between L2-band and superimposed L1/L3-
bands to yield the emergent parabolic band (red dotted line).
The confirmation of band structure engineering suggests that
PCA can realize the numerous electronic states and correlated
properties that have been proposed for ATG25−28 and CTG4,29

with effective interlayer interactions across pristine interfaces.
Fabrication of twisted multilayer structures with programmed
band structures was technically challenging, because even small
amounts of contaminants during the stacking can prevent the
interlayer interactions. Therefore, most studies on twisted
multilayer crystals were conducted in samples with small NL.
Our assembly provides atomically clean interfaces with near-
unity yield; therefore, one can reliably program band structures
in multilayer films even with large NL, where various properties
are theoretically predicted28,29 (Figure S18 for chiro-optical
property as an example).
Our PCA method can control not only the size but also the

atomic shape of the materials to program their intrinsic
properties, heralding an exciting era of “nanotopotechnology”.
Numerous artificial structures can be fabricated by a designer
approach with single-atom precision on wafer-scale to study
interactions with fundamental elements, facilitating the
discovery of various physical properties. For example, van
der Waals crystals with controlled interfaces can result in
strong infrared photoresponse,30 ultrathin thermal isolation,31

enhanced superconductivity,32 and fast ion diffusions at van
der Waals interfaces,33 which are distinct from natural crystals.
In particular, since associated characteristic length scales are
very small, such as phonon wavelengths34 and the radii of
interlayer excitons,35 the properties strongly depend on the
interface structures at the atomic scale. Due to the difficulty of
forming pristine interfaces, these properties have been
demonstrated mostly in samples with a limited number of
layers and lateral sizes. Our reliable and scalable method
provides a powerful tool for investigating more complex
structures and accelerating the development of advanced
devices based on van der Waals crystals.
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