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MATERIALS SCIENCE

Direct observation of minibands in a twisted

graphene/WS, bilayer

Soren Ulstrup'*, Roland J. Koch?*, Simranjeet Singh®, Kathleen M. McCreary®,
Berend T. Jonker®, Jeremy T. Robinson®, Chris Jozwiak?, Eli Rotenberg?, Aaron Bostwick?,

Jyoti Katoch®', Jill A. Miwa®"

Stacking two-dimensional (2D) van der Waals materials with different interlayer atomic registry in a heterobilayer
causes the formation of a long-range periodic superlattice that may bestow the heterostructure with properties
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such as new quantum fractal states or superconductivity. Recent optical measurements of transition metal
dichalcogenide (TMD) heterobilayers have revealed the presence of hybridized interlayer electron-hole pair exci-
tations at energies defined by the superlattice potential. The corresponding quasiparticle band structures, so-called
minibands, have remained elusive, and no such features have been reported for heterobilayers composed of a TMD
and another type of 2D material. We introduce a new x-ray capillary technology for performing microfocused
angle-resolved photoemission spectroscopy with a spatial resolution of ~1 um, and directly observe minibands at
certain twist angles in mini Brillouin zones (mBZs). We discuss their origin in terms of initial and final state effects

by analyzing their dispersion in distinct mBZs.

INTRODUCTION
Assembling single-layer (SL) transition metal dichalcogenides (TMDs)
with different electronic structures in heterobilayers has emerged
as a promising method for tailoring the band alignment at type II
heterojunctions (1, 2), offering a means to control optical excitation
and charge transfer processes at the atomic scale (3). This approach
to materials design inevitably involves joining two crystal lattices with
different lattice constants and orientations. The long-range periodic
pattern arising from the superposition of interlayer atomic registries
produces a moiré superlattice. Scanning tunneling microscopy/
spectroscopy (STM/STS) experiments on heterobilayers of TMDs
have resolved such a moiré together with a local bandgap modulation
due to the superlattice potential (4). Properties defined by the superlattice
potential such as new quantum fractal states (5-7) and superconductivity
(8, 9) have been probed via transport measurements when these
heterostructures are implemented in a device architecture. In angle-
resolved photoemission spectroscopy (ARPES), these superlattice
effects are directly observable via the formation of minibands such
as the mini Dirac cones identified in epitaxial graphene on Ir(111)
(10, 11), twisted bilayer graphene (12), and heterostructures of
graphene with hexagonal boron nitride (hBN) (13, 14). Since ARPES
directly probes the energy- and momentum-resolved quasiparticle
excitation spectrum, these measurements provide critical information
about the minibands such as dispersion, hybridization with main
bands, opening of mini gaps, and emergence of correlation effects,
i.e., properties that completely specify the functionality of the
heterostructure.

It has so far not been possible to observe similar minibands in
epitaxial SL TMDs on single-crystal metal substrates (15) or TMDs
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on bilayer graphene on silicon carbide (16, 17) despite visible moiré
superlattices in the STM data (15, 17, 18). Recent optical studies of
TMD heterobilayers, however, show distinct exciton lines arising
from twist angle-dependent minibands (19-25). It is plausible that the
signature of the quasiparticle minibands may have been suppressed
in these earlier ARPES measurements due to stronger TMD-substrate
interactions, long-range rotational disorder, and/or quenching of the
interlayer photoemission intensity as a result of the three-atomic-
layer (sandwich-like) structure, which essentially constitutes a SL
TMD, effectively “burying” the interface. Furthermore, the epitaxial
approach in these studies did not allow for tuning of layer orientation,
thereby preventing a systematic search for minibands in materials
with a different moiré superlattice.

RESULTS AND DISCUSSION

We resolve these issues by using a new microfocused ARPES
(microARPES) approach with a spatial resolution on the order of
1 um to measure a heterobilayer consisting of graphene, SL WS,,
and hBN. Both the graphene and the SL WS, were grown by chemical
vapor deposition (CVD) and sequentially transferred onto the hBN.
The graphene has multiple domain orientations, while the SL WS,
is a single domain. The resulting graphene/WS,/hBN stack is
supported on a TiO, wafer; see illustration in Fig. 1A and optical
microscope image of hBN flakes on TiO; in Fig. 1B. The atomically
flat interface and vanishing interlayer interactions with hBN facilitate
the collection of extremely high-quality ARPES spectra as recently
demonstrated for bare WS,/hBN (26). The CVD-grown graphene
provides a multitude of different orientations on top of WS,, giving
access to domains with different twist angles (6-domains). The
interface of the heterobilayer is notably situated below a single
carbon layer instead of the sandwich-like structure of the SL TMD,
thereby greatly enhancing the photoemission intensity from the
interface compared to earlier studies. Each interface type and 8-domain
are measured by scanning the microfocused beam of photons across
the same area of the sample as seen in the optical microscope image
in Fig. 1B, leading to photoemission from microscopic points on the
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Fig. 1. Elemental mapping of heterobilayer interfaces. (A) Model of sample and photoemission setup with a microfocused beam achieved using an x-ray capillary.
Differently rotated graphene domains are separated by white lines and annotated with twist angles 6; and 8,. (B) Optical microscope image of the sample. Two hBN flakes
are shown via arrows. (C) Stack of (x, y)-photoemission intensity maps corresponding to the given binding energies and core level peaks collected at a photon energy of
350 eV. The hBN flakes are also visible in these maps. The arrow on the C 1s map points to a hole in the graphene flake. (D to G) Core level peaks obtained from the spots
on the map in (C) labeled by corresponding symbols. The vertical dashed lines mark the binding energies used for composing the maps in (C).

0{v wsymBN [ awsymBN A

0 > GMWS/hBN | G/WS/hBN <
8,=26.3°

Fig. 2. Band structure mapping in real space and momentum space. (A and B) microARPES dispersion from 8-domains with the stated angles and from a bare WS,/
hBN area. The double-headed arrow and dashed lines in (A) indicate a binding energy shift of 0.5 eV of the WS, electronic structure on hBN in the absence of graphene.
(C to N) Maps of the (x, y)-dependent photoemission intensity composed from the (E, k)-regions marked by boxes in (A) and (B) with the color coding between boxes and
panels given by (C to E) blue, (F to H) black, (I to K) yellow, and (L to N) red. The fine scan maps in dotted and dashed panels are closeups of the regions demarcated by
dotted and dashed boxes in the coarse scan maps in (C), (F), (1), and (L). The symbols in the fine scan maps mark the spots where the correspondingly labeled E(k) dispersion
cuts in (A) and (B) were obtained. The data were obtained at a photon energy of 145 eV.
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sample. The focusing is achieved using an achromatic x-ray capillary,
providing efficient mapping of valence band (VB) and core level
binding energy regions due to a high photon flux and highly tunable
photon energy range compared to conventional x-ray focusing optics
such as Fresnel zone plates (27-29).

Photoemission intensity maps acquired at core level peak energies
characteristic of the 2D materials in the heterostructure are shown
in Fig. 1C. Each (x, y)-position in a map contains a measurement of
the corresponding core level binding energy region as shown for the
points marked by the symbols “[],” “¥4,” and “o” for C 1s in Fig. 1D,
S 2p in Fig. 1E, W 4f in Fig. 1F, and B 1s in Fig. 1G. The contrasts
provided by the peak amplitude, position, and linewidth clearly
outline the graphene/TiO, ([), graphene/WS,/TiO; (o), and
graphene/WS,/hBN/TiO; (X) interfaces. We also identify a hole in
the transferred graphene, exposing a bare WS,/hBN area as seen via
an arrow in the C 1s map in Fig. 1C. The spectral linewidths of
W 4f, S 2p, and C 1s core levels obtained on hBN (marked by the X)
are reduced by a factor of 2 compared to those measured on the
TiO, (marked by the 0). Similar conclusions can be made for the line-
widths of the VB spectra as discussed in further detail in section S1,
which we attribute to the flatness and extremely weak charge im-
purity scattering in hBN compared to the oxide.

We determine the energy- and momentum-dependent dispersion
relation, E(k), in the VB region, as shown in Fig. 2 (A and B). The
spectra are characterized by a mix of graphene bands (see black,
yellow, and red boxes) and the WS, VB manifold [see blue box for
the local VB maximum (VBM) at I']. We find that the graphene
pins the WS, electronic structure by a rigid shift of 0.5 eV compared
with the WS, states measured on a bare WS,/hBN region of the
sample; see double-headed arrow in Fig. 2A. The presented data are
only a subset of spectra from a four-dimensional (4D) dataset
containing the (E, k, x, y)-dependent photoemission intensity. It is
furthermore possible to obtain corresponding cuts of the intensity
in real space composed from a specified region of (E, k)-space. The
results of projecting the specified electronic band structure on a
(x, y)-dependent intensity map are shown in Fig. 2 (C to N). The
(x, y)-maps in Fig. 2 (C to E) are derived from the WS, local VBM
at T. The map in Fig. 2C is a coarse scan corresponding to the field
of view in Fig. 1 (B and C), while the maps in Fig. 2 (D and E) are
fine scans of the regions demarcated by dotted and dashed boxes in
Fig. 2C. High (low) intensity in real space allows us to identify the
presence (absence) of WS, electronic states at energies and momenta
determined by the blue box in Fig. 2A. Similarly, the (x, y)-maps in
Fig. 2 (F to N) track the domains with the graphene bands given by
the (E, k)-cuts in the black, yellow, and red boxes in Fig. 2 (A and B).
Measurements of the full 2D Brillouin zone (BZ) permit the de-
termination of 6, as explained in section S2. Here, we focus on the
two 6-domains seen via high intensity in Fig. 2 (F and L) (see also
symbols “A” and “<” in Fig. 2) where we find two significantly
different twist angles given by 6; = (2.5 +0.2)° and 8, = (26.3 £ 0.2)°.
We also observe another orientation in Fig. 2I (marked by a “>” in
Fig. 2), but this graphene/WS, interface has a 5-um hole (marked by
a “V” in Fig. 2), which led to spurious features in the BZ maps we
collected from this domain preventing a detailed analysis of the
twist angle.

Maps in Fig. 3 (A and B) are in two momentum directions, k, and
ky, the constant energy contours at a binding energy of approximately
1.6 eV for the 6;- and 8,-domains. In both maps, the three most
prominent features are labeled T, Ky, and Kg; these labels correspond
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Fig. 3. Direct observation of minibands. (A) 2D BZ map acquired on the 6;-domain
ata photon energy of 70 eV. The twist angle between the overlaying graphene and
the underlying WS, is determined to be 2.5°, as measured from the angle between
the I-Kg and I'-Ky directions. This twist gives rise to minibands of T, marked with
an orange dot and labeled as T',.. (B) Similar 2D BZ map acquired on the 6,-domain.
Here, the twist angle is 26.3°. (C) The dispersion for the 6;-domain along the T-Kw
direction is shown with the miniband highlighted by the black arrow. (D) Similar
dispersion for the 6,-domain where the minibands are notably absent compared
with the 6;-domain.

Fig. 4. Construction of BZs and WS, mBZs. (A) lllustration of 6;-domain with
salient reciprocal lattice vectors denoted along with the formed mBZ. Two adjacent
2D BZs of graphene (gray) and WS, (blue) are overlaid with a twist angle of 2.5°. The
reciprocal lattice vectors are shown for graphene (Gg) and for WS, (Gw) that give
rise to the moiré reciprocal lattice vector G, (black arrow). The mBZs are constructed
by replicating G, around the T point (orange). (B) lllustration similar to the one in
(A) but for the 6,-domain.

to the nearly circular feature of the WS, band at T, the spin-split
bands of WS, at Ky, and the horseshoe-shaped arcs of the graphene
Dirac cones at Kg. There are faint circular features surrounding T’
in Fig. 3A that are notably absent in Fig. 3B. These features are
ascribed to minibands, labeled as T',. From the dispersion of the
bands, acquired along the I'-Kyy direction as shown in Fig. 3C, we
see that the miniband, highlighted by the black arrow, replicates the
overall shape of the SL WS, band at T. No miniband is present in
the similarly acquired (E, k)-plot of Fig. 3D for the 6,-domain where
the twist between the graphene and SL WS; lattices is at a substantially
larger angle of 26.3°. We observe that the intensity of the WS, mini-
bands is maximal in a 60- to 70-eV photon energy range and that
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the E- and k-dependence of the intensity does not simply follow
that of the main band, as shown in section S3. This behavior can be
described as an interference effect between photoemitted electrons
emerging from the heterobilayer, which strongly depends on the
electron kinetic energy, the interaction between layers, the ori-
gin of the emitters, and their orbital character (30). It is possible
that the geometry of the heterobilayer, given by the 6,-domain, di-
minishes such an interference effect, thereby leading to an overall
suppression of the minibands.

The positions of the minibands in k-space are determined by
addition of the reciprocal lattice vectors of graphene (Gg) and WS,
(Gw), as illustrated in Fig. 4. Two adjacent 2D BZs of graphene
(gray hexagons) are superimposed on two adjacent 2D BZs of WS,
(blue hexagons) with twist angles matching those of ;- and 6,-domains.
From the reciprocal lattice vectors, we establish the moiré reciprocal
lattice vector (Gy,) and construct the corresponding mBZs (orange
hexagons) by replicating Gy, around the I point to locate the centers
(orange dots) of the surrounding mBZs. The position of the minibands
is mathematically confirmed using the following expressions for the
angles and magnitude of the moiré vector: ¢m, gw) = arctan (sin 8/
(cos 8 = |Ggw)l/IGw(g)l)) and |G| = (GGZ(W) -1Gow)lIGw)
c0s 0)/(|Ggw)|cos dmcew)). We find that |Gp,|= 0.66 A (135 A7 for
the 8;-domain (8,-domain), ¢mc = 8.9 (49.1') for the angle be-
tween G, and Gg, and O, w = 11.4° (75.4) for the angle between Gy,
and Gyw. All magnitudes of the reciprocal lattice vectors and
angles are in agreement with the microARPES data obtained for
these two domains shown in Fig. 3 within the experimental accuracy.
The observation of WS, minibands also implies the existence of mini
Dirac cones replicated by the same reciprocal lattice vector in the
graphene. We find mini Dirac cones at the expected k-space coor-
dinates, but their intensity is extremely faint, as shown in sec-
tion S4. This strong suppression of intensity compared to the WS,
minibands is likely caused by the different orbital character of the
graphene n-states, leading to a substantially different E- and k-
dependence of the one-electron dipole matrix elements that shape the
ARPES intensity (30). The observation of Dirac cone replicas also
confirms that the minibands derive from the graphene/WS; and
not the WS,/hBN interface. Moreover, we do not observe any repli-
cas from the bare WS,/hBN interface in the hole (see the “V” in
Fig. 2) nor in a previous study (26), possibly due to this interface
being buried below the TMD sandwich-like structure. For the sake
of clarity, we have omitted the hBN 2D BZ in the sketches in Fig. 2,
as this interface does not contribute to our observations.

There are two possible explanations for the origin of the minibands.
First, they may emerge due to photoelectron diffraction, which would
lead to noninteracting replicas with the same intensity distribution
as the main band, as observed in graphene on silicon carbide (31).
In this case, one refers to the minibands as a final state effect. Second,
the minibands may be caused by the periodic superlattice potential
formed by the twisted WS, and graphene layers. A direct evidence
of such an initial state effect would be the opening of mini gaps at
the mBZ boundaries, as observed in graphene on Ir(111) (10) and
on hBN (13). We investigate this possibility by analyzing energy
distribution curve (EDC) cuts at the local band maxima and at the
mBZ border, as shown in Fig. 5 (A and B) for the I'-T', direction.
The EDC extracted at the crossing between the main band and a
neighboring miniband at the mBZ border exhibits a peak (see blue
curve), with no sign of intensity loss in this energy range where a
gap would be expected. A similar analysis is carried out for two
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Fig. 5. Analysis of miniband dispersion in 8,-domain. (A) Dispersion of the main
band and the neighboring miniband obtained along the dashed line shown in the
BZ and mBZ sketches in the inset. (B) EDC cuts (markers) extracted at I the mBZ
border and T, as illustrated by the red, blue, and brown sticks in (A). Correspondingly
colored curves represent fits to a Lorentzian peak on a parabolic background. The
data extracted at " have been scaled by a factor of 0.5. The local maximum of the
bands has been marked by a vertical line, and the FWHM is indicated by arrows.
Values are given in electron volts and the error bars are £0.02 eV. (C) Dispersion of
minibands in neighboring mBZs (see dashed line in inset). (D) EDCs (markers) with
fits (curves) presented in an identical way as in (B).

crossing minibands in Fig. 5 (Cand D), leading to the same conclusion.
Moreover, we find that the main band and all minibands exhibit
alocal maximum at a binding energy of 1.65 eV and a Lorentzian peak
shape with a full width at half maximum (FWHM) of (0.18 + 0.02) eV
(see red and brown curves in Fig. 5, B and D), indicating identical
quasiparticle dynamics in all the bands. We note that the absence of
mini gaps does not rule out the possibility of an initial state effect.
The weak interaction between the WS, and graphene, which is evident
from the lack of hybridization between the main bands of the two
materials in Fig. 3C, likely leads to a gapping effect that is too weak to
be resolved in our data. Both final and initial state effects may coexist,
and if the former is stronger than the latter, then it could also mask
the loss of intensity expected to accompany the opening of a gap.

CONCLUSION

In summary, we have directly measured the quasiparticle band
structure for a graphene/WS; heterobilayer on hBN using a new
x-ray capillary technology for carrying out microARPES. In particular,
we capitalize on the 1-pum spatially resolving capabilities afforded by
this technique not only to determine different interlayer twist angles
between the graphene and WS, but also to directly measure minibands
and multiple mBZs with periodicities that match the moiré reciprocal
lattice vector of our heterobilayer. The technique itself allows for a
systematic search of quasiparticle band structures that emerge from
moiré superlattices in van der Waals heterostructures. We believe
that this is a key observation that not only compliments recent
optical studies that have revealed moiré excitons in TMD/TMD
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heterobilayers (19-22) but also demonstrates that our microARPES
approach is an ideal strategy toward superlattice engineering of
band structure and correlations in 2D materials. Tuning the interlayer
interaction further via twist angle or choice of 2D material may lead to
resolvable mini gaps, which will establish a clear distinction between
initial and final state effects in photoemission from heterobilayers.
We therefore expect that our results will inspire further experimental
and theoretical studies of the interplay of these effects in multifunctional
heterobilayer materials.

MATERIALS AND METHODS

Graphene growth on copper foils

Graphene films were grown using low-pressure CVD with flowing H, and
CH,4 gases (32). Before growth, the copper foils were electrochemically
polished to improve surface cleanliness and remove oxides. These
copper foils were then folded into “packets” (33), loaded into a
quartz tube, and pumped to a base pressure of 2 mtorr. The copper
substrates were heated to 1030°C, and H,/CH, was introduced for
1.5 hours at a total pressure of ~60 mtorr. The substrates were then
quenched by removing them from the hot zone while under vacuum.

SL WS, growth on SiO,/Si

Synthesis of SL WS, was performed at ambient pressure in a 5-cm-
diameter quartz tube furnace on SiO,/Si substrates (275-nm thickness
of Si0,). Before use, all SiO,/Si substrates were cleaned in acetone,
isopropanol, and Piranha etch and then thoroughly rinsed in deionized
water. At the center of the furnace, a quartz boat containing 1 g of
WOj3 powder was positioned. Two SiO,/Si wafers were positioned
facedown, directly above the oxide precursor. The upstream wafer
contained perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt
(PTAS) seeding molecules, while the downstream substrate was
untreated. The hexagonal PT AS molecules were carried downstream
to the untreated substrate and promoted lateral growth of the TMD
materials. A separate quartz boat containing sulfur powder was placed
upstream, outside the furnace-heating zone. Pure argon (65 sccm)
was used as the furnace was heated to the target temperature. Upon
reaching the target temperature of 825°C, 10-sccm H, was added to the
Ar flow and maintained throughout the 10-min soak and subsequent
cooling.

Heterostructure fabrication

Bulk hBN crystals were exfoliated onto a n-doped TiO, substrate
using Scotch tape to obtain 10- to 30-nm-thick flakes. The TiO,
substrate with exfoliated hBN flakes was annealed in ultrahigh
vacuum (UHV) at 150°C for 15 min to get rid of any unwanted tape
residues. Next, CVD-grown single-domain SL WS, was transferred
onto the cleaned hBN flakes using a thin polycarbonate film on a
polydimethylsiloxane stamp using a custom-built transfer tool (26, 34).
This was followed by another annealing cycle of the WS,/hBN
heterostructure in UHV at 150°C for 15 min. Separately, one side of
the copper foil (with graphene grown on both sides) was spin-coated
with a poly(methyl methacrylate) (PMMA) layer. The CVD graphene
layer on the backside (without protective PMMA layer) of the copper
foil was etched away using reactive ion etching. Next, the PMMA/
graphene was floated by etching away the copper using wet chemis-
try (35, 36). The PMMA/graphene layer was subsequently transferred
onto a clean WS,/hBN stack. The top PMMA layer was removed
by immersing the graphene/WS,/hBN heterostructure in acetone for
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15 min, followed rinsing in isopropanol. Last, the graphene/WS,/hBN
heterostructure was subjected to another annealing cycle in UHV.

Spatially resolved ARPES experiments
The heterobilayer sample was shipped in air and inserted into the
Microscopic and Electronic Structure Observatory (MAESTRO)
UHV facility at the Advanced Light Source in Berkeley. The sample
was annealed at 600 K for 15 min before ARPES measurements.
The microfocused scanning of the core level and ARPES spectra
presented in Figs. 1 and 2 was carried out in the MAESTRO nanoARPES
end-station using an x-ray capillary (Sigray Inc.) with a spatial resolution
in this experiment given by As = (1.83 + 0.03) um, as explained in
section S5. We used a coarse-motion piezo scanner for spatial maps
larger than 30 um with a step size of 1.5 um and a fine-motion piezo
flexure scanning stage for detailed maps below this range and with
a scanning step of 250 nm. Because of the achromaticity of the
capillary, we were able to perform VB measurements with variable
photon energy in the range of 60 to 160 eV and W 4f, S 2p, B 1s, and
C 1s core level measurements with a photon energy of 350 eV without
apparent loss of spatial resolution. The high efficiency of the capillary
enabled acquisition of 4D datasets of the (E, k, x, y)-dependent
intensity in ~40 min. The (E, k,, k,)-dependent data presented in
Fig. 3 were collected using an electron analyzer equipped with
custom-made deflectors in the MAESTRO microARPES end-station,
such that the sample could be held fixed during BZ mapping. These
measurements were acquired with a photon beam focused to a spot
size of 10 um using Kirkpatrick-Baez optics, enabling BZ mapping
on a time scale of ~10 min for our flakes. Section S1 demonstrates
that high-quality spectra could be collected from 6;- and 8,-domains
using the larger beam on the relevant areas identified by the high-
spatial resolution maps in Figs. 1 and 2. All data were obtained using
hemispherical Scienta R4000 electron analyzers with the energy and
momentum resolution set at 40 meV and 0.01 A™, respectively. The
sample was held at room temperature during all the measurements.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/14/eaay6104/DC1
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