Downloaded via UNIV OF TEXAS AT AUSTIN on February 6, 2022 at 19:21:26 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Momentum-Resolved Electronic Structures of a Monolayer-MoS,/

Multilayer-MoSe, Heterostructure

Woojoo Lee, Li-Syuan Lu, Wen-Hao Chang,* and Chih-Kang Shih*

Cite This: J. Phys. Chem. C 2021, 125, 16591-16597

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: By creating a large-scale and highly oriented
monolayer-MoS,/multilayer-MoSe, heterostructure with an atomi-
cally clean interface, we use angle-resolved photoemission spec-
troscopy (ARPES) to probe the electronic structure of the created
heterostructure and its respective constituents. This comparative
study allows us to determine the band offset at the K-point and to
reveal k-resolved interlayer hybridization in the Brillouin zone. We
further discuss the effect of moiré potential on the state at the K-
valley for MoS,. We expect that our approach of creating
heterostructures and the k-resolved study of the electronic band
structure will elucidate how interlayer coupling manifests in

Monolayer MoS,

E= By (eV)

determining the electronic structure formation of transition metal dichalcogenide (TMD) vertical heterostructures.

B INTRODUCTION

Designing and creating an electronic band structure in a
targeted manner has been a long-term goal in materials science.
Recently, it has been realized that van der Waals hetero-
structures can be a powerful platform for realization of novel
quantum phenomena' ™ and applications in electronics and
nanophotonics.” "> Amid a phenomenal growth of research
activities of semiconducting transition metal dichalcogenide
(TMD) heterostructures, the progress in direct k-space
measurements of TMD heterostructures using angle-resolved
photoemission spectroscopy (ARPES) has been slow, despite
its critical role in assessing the theoretical models used to
predict the electronic structures. To successfully apply ARPES,
it is necessary to create the heterostructures that are laterally
homogeneous within the probing area.'°>” Most TMD
heterostructures are created using mechanical exfoliation/
stacking methods, which limits the lateral dimension to a few
microns. It becomes necessary to use micro-/nano-ARPES to
probe the electronic structure in k-space for small
samples,”*** which limits the wide applicability. To overcome
this limitation, it is important to develop a large, scalable
heterostructure platform that is laterally homogeneous with a
well-defined in-plane orientation (namely, single-crystal-like
heterojunction).

Here, we report the creation of such a TMD heterostructure
platform consisting of a well-aligned MoS, monolayer on a
single-crystal MoSe, (referred to as ML-MoS,/multilayer-
MoSe, or ML-MoS,/MoSe,). This platform enables us to use
regular ARPES and observe its electronic structure directly,
from which we determine important quantities including the
K-valley valence band offset (VBO) and the k-resolved
interlayer hybridization between ML-MoS, and multilayer-
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MoSe,. By comparing our experimental observation and
density functional theory (DFT) calculations, we illuminate
the role of the atomic orbital projection on the k-resolved
interlayer hybridization. We further discuss the role of moiré
pattern formation on the observed electronic structures.

B METHODS

Experimental Details. The regular ARPES measurements
of the electronic band structure were performed at room
temperature. A helium lamp (21.2 and 40.8 eV) was used as
the photon source. Spectra were collected using a Scienta
R3000 analyzer. During the helium lamp operation, the
pressure was maintained under 6 X 107'° Torr.

Computational Details. The DFT calculations were
performed using the Quantum Espresso package.’”** The
Perdew—Burke—Ernzerhof (PBE) form of the generalized
gradient approximation (GGA) pseudopotential was used
within the projector augmented wave (PAW) method and the
van der Waals interaction was accounted using the empirical
correction proposed by Gimme (DFT-D2).”> The plane-wave
basis with a 40 Ry plane-wave cutoff energy was employed.
The reciprocal space was sampled by the 10 X 10 X 2 k-mesh
for multilayer calculations and 12 X 12 X 1 for monolayer
calculation.
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Figure 1. Sample preparation for the TMD heterostructure. A scalable and highly oriented (only twin domains) monolayer MoS, sample was first
grown on a sapphire substrate via the CVD method and transferred onto a freshly cleaved MoSe, single crystal. (a, b) Low-energy electron
diffraction (LEED) images of monolayer MoS, on highly oriented pyrolytic graphite (HOPG) and the MoSe, single crystal, respectively; CVD
grown monolayer MoS, was transferred onto HOPG for the LEED measurement. (c) Schematic of the sample preparation. (d) Optical image of

the sample.
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Figure 2. ARPES spectral images of (a) ML-MoS,/MoSe,, (b) MoS,/HOPG, (c) MoSe, along the 'K direction, measured at 21.2 eV photon
energy, and (d—f) corresponding 2D curvature images. The remnant intensity near the Fermi level in (d, f) was yielded by the He-I f light from the

helium lamp.

For the heterostructure DFT calculations, we use a 1 X 1
unit cell with an averaged lattice constant (3.22 A) between
MoS, and MoSe,, consequently, each of them is biaxially
strained (~2%). Also, a C7 atomic configuration is used and
the interlayer distance between the two different materials is
adopted from the relaxed structure of the MoS,/4 layer MoSe,
(Moyges,—Moyyes.,) distance of 6.39 A. We note that the strain

and stacking configuration can affect the calculated band
structure, however, this difference is minor in comparison to
the orbital character-dependent hybridization effect.***” The
strained monolayer MoS, and 8-layer MoSe, band structures
are shown in Figure SI.

B RESULTS AND DISCUSSION

The creation of a large area TMD heterostructure is
schematically illustrated in Figure Ic. First, a large-scale and
highly oriented MoS, monolayer was prepared on a sapphire
substrate by a substrate-guided chemical vapor deposition
(CVD) growth method. > *° The monolayer orientation can
be determined using the edge of the well-aligned triangular
flakes (see Supporting Information Figure S2). This

16592

orientation alignment is further confirmed by the low-energy
electron diffraction (LEED) pattern after being transferred to
the graphite substrate and cleaned in an ultrahigh vacuum
(Figure la). To obtain a laterally homogeneous hetero-
structure, the well-aligned ML-MoS, must cover nearly the
entire surface. In our experiment, the monolayer coverage was
80—90%. A cleaved single-crystal MoSe, was used as the
substrate whose in-plane orientation was determined using
LEED prior to transfer (Figure 1b). With the in-plane
orientations of both the MoS, monolayer and the MoSe,
substrate determined, they were stacked under an optical
microscope within an accuracy of ~1° (Figure 1c). The sample
transfer follows a standard procedure of two-dimensional (2D)
material transfer using the poly(methyl methacrylate)
(PMMA) polymer and thermal release tape (see Supporting
Information Figure S2 for the detailed procedure). After
transfer, the PMMA layers were removed using acetone and
the sample was annealed in the UHV chamber at 300 °C
overnight, which successfully cleaned the sample surface. We
note that the well-aligned ML-MoS, has an angular fluctuation
of 1-2° which has some bearing on the resulting
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Figure 3. Moiré effect on ML-MoS, SO-splitting bands at the K-point and band offset. (a) Energy distribution curves at the K-point. The Shirley
background and Voigt functions are used for the fitting. The K-point position of ML-MoS,/MoSe, was assigned between the K-point of ML-MoS,
and MoSe,. (b) Full width at half-maximum (FWHM) from the fitting. (c) Aligned surface Brillouin zone with a 2° angle fluctuation of ML-MoS,.
The mini Brillouin zone (MBZ) orientation is affected largely by the small-angle variation. (d) Calculated moiré wavelength and moiré rotation

angle with respect to the twist angle.

heterostructure spectra. An optical image of the created ML-
MoS,/multilayer-MoSe, sample is shown in Figure 1d.

Figure 2a—c shows ARPES band mapping along the 'K
direction for ML-MoS,/MoSe,, ML-MoS,/HOPG, and the
cleaved MoSe,, respectively, using 21.2 eV photons as the
excitation source. The respective 2D curvature images are
shown below (Figure 2d—f), exhibiting a sharper contrast for
individual bands. The 40.8 eV photon source was also used to
acquire ARPES spectra. In that case, the spectra exhibit
different contrast between individual bands due to the
photoionization effect (see Supporting Information Figure
S3). The angular alignment between ML-MoS, and MoSe, can
be seen in the 2D constant energy contour near the K-point
(see Supporting Information Figure S4). Since the HOPG
bands barely interact with ML-MoS, bands in the current
study region, we consider them as intrinsic bands of ML-MoS,
and investigate how they are hybridized with bulk MoSe,
bands.

We first discuss the electronic structure at the K-valley. Note
that ML-MoS, and MoSe, have a lattice mismatch of ~4%
(3.16 vs 3.30 A), resulting in slightly different locations of K-
points for ML-MoS, and MoSe, (respectively, marked by the
red and green arrows in Figure 2). A spin—orbit (SO) splitting
of 0.20 eV at the K-valley (green arrow) is well resolved for
MoSe, either in ML-MoS,/MoSe, (Figure 2a,d) or in the bulk
form (Figure 2¢,f). On the other hand, an SO splitting of 0.14
eV is resolved for ML-MoS, on graphite (Figure 2b,e) but not
for ML-MoS,/MoSe, (Figure 2a,d). The energy dispersion
curves (EDC) at the K-point for all three cases (ML-MoS,/
MoSe,, ML-MoS,/HOPG, and MoSe,) are displayed in Figure
3a.

One notes that in ML-MoS,/MoSe,, the SO splitting of
MoSe, retains the same value as the case in pure MoSe,, albeit
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with a ~0.1 eV upward shift relative to the Fermi level.
Meanwhile, the SO splitting of ML-MoS, is no longer resolved
directly in ML-MoS,/MoSe,, although the curve fitting still
allows one to distinguish the two SO-splitting peaks (Figure
3a). Also shown in Figure 3b are the values for the full width at
half-maximum (FWHM) of the SO split peaks in Figure 3a.
One can see that for MoSe,, the FWHM changes from ~0.1 to
~0.15 eV in the ML-MoS,/MoSe,. By contrast, for ML-MoS,,
the FWHM changes from ~0.15 to ~0.3 eV. We note that, in
the fittings, though the amplitude ratio in SO-splitting bands
changes between ML-MoS, and ML-MoS,/MoSe,, it does not
significantly affect the FWHM and so the same conclusion can
be drawn. The spectra acquired with the 40.8 eV photon
energy yield a similar result (Figure SS). The fact that the SO
split bands for MoSe, remain well resolved in the
heterostructure suggests a good quality of the ML-MoS,/
MoSe, interface. As we discuss below, the extra broadening is
likely the result of moiré pattern formation.

For a lattice-mismatched system of ML-MoS, on MoSe,, the
moiré pattern with a wavelength of 4, & 7 nm is anticipated
near the zero twist angle (6 &~ 0°). Note that for this lattice-
mismatched system, A, does not change much for a small-
angle deviation, however, the orientation of the moiré pattern
is extremely sensitive to the twist angle (see Figure 3c,d). For
example, with the twist angle changing from 6 = 0 to 1°, 4,
changes from 7.4 to 6.9 nm, but the orientation of the moiré
pattern changes from 0 to 21°. With an angular fluctuation of
the in-plane orientation of ~2°, we anticipate that the moire
pattern orientation would be fluctuating throughout all angles,
even though A experiences a small change. Moreover, with
such a large 1, & 7 nm, the moiré Brillouin zone will be very
small so that the fine structure of the moiré band structure will
be difficult to resolve with the finite k-resolution of the

https://doi.org/10.1021/acs.jpcc.1c04219
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Figure 4. (a—c) Brillouin zones of ML-MoS, and atomic orbital projections of its band structure (without SOC), respectively. (d—f) Brillouin
zones of bulk MoSe, and atomic orbital projections of its band structure (without SOC). (g—i) Calculated electronic band structures by DFT
calculations. (j, k) Energy distribution curves at the I" point acquired with 21.2 and 40.8 eV photon energies, respectively. (1) Hybridization-
induced ML-MoS, band (red) flattening in ML-MoS,/MoSe, (blue). The peak position was extracted from the ARPES spectra by fitting.

instrument. To the best of our knowledge, direct observation
of moiré minibands at the K-point in such small-twisted angle
or small lattice-mismatched TMD heterostructures has not
been reported, albeit evidence for the miniband formation near
the I point has been suggested in ref 32. This can be attributed
to the fact that the moiré miniband formed with the TMD’s
parabolic shape valence band in small mini BZ is hard to be
distinguished. The case for bilayer graphene is rather different
because of a large group velocity associated with the sharp
Dirac cone.”®

The above analysis suggests that the effect of the moire
potential modulation can only be observed as an ensemble
average in our system. Indirectly, the magnitude of the extra
broadening should reflect the amplitude of moiré potential
modulation. To quantitatively capture this, however, is
nontrivial. Nevertheless, as discussed in the Supporting
Information, the moiré modulation primarily leads to an
“extra width” in the spectral linewidth instead of a simple
Gaussian broadening (Figure S6). Note that the extra
broadening in ML-MoS, is of the order of 150 meV, while
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in MoSe, is only 50 meV, reflecting the fact that the moireé
pattern has a smaller impact on the underlayer MoSe,, which is
a bulk material. We note that there can be local fluctuations
created by impurities or defects at the interface causing the
peak broadening. However, this peak broadening will be
applied equally to ML-MoS, peaks in ML-MoS,/HOPG and
ML-MoS,/MoSe,, since they were prepared in a similar wet-
transfer method. Furthermore, the electron escape depth of
21.2 €V photon energy is ~10 A, if the fluctuating interface
potential was a major factor of the ML-MoS, peak broadening
in ML-MoS,/MoSe,, it should affect the underlying MoSe,
peak width comparably in the EDC of ML-MoS,/MoSe,.
However, the 100 meV difference of the FWHM shows that it
cannot be explained solely by the impurity-induced broad-
ening. Therefore, it does not contradict to see the origin of the
additional broadening as the moiré effect.

The momentum mapping of the electronic structure in ML-
MoS,/MoSe, also allows us to determine a K-valley valence
band offset (VBO) of ~500 meV, as shown in Figure 3a. It is
noted that the K-valley valence band maximum (VBM) states

https://doi.org/10.1021/acs.jpcc.1c04219
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of MoS, and MoSe, are composed primarily of d,, and d,_,
orbitals with weak interlayer coupling, thus there should be
little change for these states in the heterostructure.”®*’
Consequently, although the K-valley VBO was determined
for ML-MoS, and bulk-MoSe, heterostructures, the VBO value
should be similar to the case for the ML-MoS,/ML-MoSe,
hetero-bilayer.

We next discuss the k-dependent interlayer hybridization
revealed by ARPES. The k-dependence of interlayer hybrid-
ization is rooted in the atomic orbitals and the relative energy
location between the constituents.” Shown in Figure 4a—f are
Brillouin zones and DFT calculations of the orbital projected
band structures (without spin—orbit coupling (SOC)) for ML-
MoS, and bulk MoSe, displayed in the color code. For
example, in ML-MoS,, the states near the VBM change from
primarily d;_7 d,, characters at the K-point, where the
interlayer hybridization is not expected, to primarily d at the
I' point where strong interlayer hybridization is expected. We
notice that though several studies reported band hybridizations
on the TMD heterostructure,”® it was restricted to a low
binding energy level. In our work, we investigated the band
hybridization at a higher binding energy level to reveal how the
electronic band structure of monolayer TMD can be
engineered with the help of high-resolution ARPES measure-
ments.

In addition, DFT calculations for the band structures of ML-
MoS,/8L-MoSe,;, ML-MoS,, and 8L-MoSe, are displayed in
Figure 4g—i respectively. Here, SOC is included in the
calculations. For the heterostructure (ML-MoS,/8L-MoSe,),
we use the average lattice constant for ML-MoS, and MoSe,,
corresponding to a slightly stretched ML-MoS, and com-
pressed MoSe,. Such an artificial strain effect would alter the
fine details of ML-MoS, and MoSe, band structures and the
subsequent band offset at the K-valley (see Supporting
Information Figure S7); nevertheless, it can still capture the
hybridization effect.*>*”

In the band structure of the heterostructure from DFT
calculations shown in Figure 4g, the color bar on the right
indicates the degree of mixture of states derived from ML-
MoS, and that from MoSe, multilayers. We label four key
features (#1—#4) in the MoS, monolayer band structure for a
detailed discussion.

Shown in Figure 4j,k are EDCs for ML-MoS,/MoSe, and its
constituents at the ' point acquired with He-I (21.2 eV) and
He-II (40.8 eV), respectively. In a bulk MoSe,, the states
formed of out-of-plane orbitals (Mo 4d,?, Se 4p,) create bulk
continuum states, which were more easily observed with the
40.8 eV photon energy near the I point VBM and around —4
eV (see Figure 4k, the lowest panel); it shows a relatively weak
and continuous signal intensity.'**>*' On the other hand, the
states formed of in-plane orbitals (d,_ d,, p. p,) interact
weakly with neighboring layers and thus become nearly
degenerate, which show sharp and strong peaks in the
obtained spectra. In the current measurement, the bulk-
MoSe, VBM at the I point is located 300 meV higher than the
K point VBM. In contrast to the bulk MoSe,, the bands in ML-
MoS, show well-defined dispersion without continuum states.
In the spectra, the 21.2 eV light shows a higher photo-
ionization cross section on the S 3p orbital than the 40.8 eV
light, so it causes a different intensity contrast.*”** The I point
VBM is located 130 meV below the K-point VBM.

Note that in the ML-MoS,/MoSe, ARPES spectra, the
MoSe,-derived sharp features are replicated very well except

for a 0.1 eV rigid upward shift observed at the I' and K-valley.
This upward rigid shift is attributed to the change in work
function with an ML-MoS, overlayer. Unlike the preserved
MoSe, feature in ML-MoS,/MoSe,, at the I point, the sharp
feature #1 of ML-MoS, is merged into the continuum near the
VBM in ML-MoS,/MoSe,. This is not surprising since this
state (feature #1) mainly contains a majority of d,> orbitals
mixed with a minority of p, orbitals and strong hybridization is
expected.'** Similarly, feature #2 (containing primarily p,
mixed with a minority of d,, yz) in ML-MoS, merges into the
continuum states due to hybridization. Such hybridizations are
also reflected in the DFT calculations. By contrast, feature #3
(containing mainly d,2_?, d,, mixed with minority p,, p, as
shown in Figure 4c,d) in ML-MoS, is observed in ML-MoS,/
MoSe, spectra acquired with the He-II light (Figure 4k),
indicating no hybridization effect. The absence of hybridization
is also shown in the DFT calculations. Interestingly, for the
spectra acquired using the He-I light, this feature is not
observed in ML-MoS, but is observed in ML-MoS,/MoSe,. It
cannot simply be a difference in the photoionization effect
since the same should apply to the feature in ML-MoS,/
MoSe,. Here, we suggest that this is due to a final state effect.””
In ML-MoS,/HOPG, the HOPG band structure may not
provide accessible final states when using 21.2 eV photon
energy (see also Figure S8). On the other hand, in ML-MoS,/
MoSe,, the MoSe, bulk band structure provides accessible final
states for feature #3. This scenario can be further supported by
looking over bulk MoS, ARPES spectra, in which feature #3 is
observed in spectra acquired using both the He-I and the He-II
light (Figure S9).

Feature #4 characterizes the band structure across an
extended k-space as labeled by the dashed box in the ARPES
spectra, as shown in Figure 2b,e and the calculation shown in
Figure 4h. For this feature, the ML-MoS,/MoSe, calculation
shows that this band is hybridized with the MoSe, derived
states and the original dispersion becomes significantly altered.
Indeed, this is observed experimentally where the highly
dispersive character in ML-MoS, is flattened out in the
heterostructure across the k-space between k; = 0 and 0.6 A~
(Figure 41). The evolution of these four features (#1—#4)
changing from ML-MoS, to ML-MoS,/MoSe, firmly estab-
lishes the k-dependence hybridization between ML-MoS, and
the underlying MoSe, bulk is rooted in the characters of
projected atomic orbitals.

In summary, by transferring a large area ML-MoS, with a
well-aligned in-plane orientation onto a cleaved single-crystal
MoSe,, we create an ML-MoS,/multilayer-MoSe, hetero-
structure. This platform allows us to use angle-resolved
photoelectron spectroscopy to probe the electronic structures
of the heterostructure and its constituents (i.e., ML-MoS, and
bulk MoSe,) in k-space. This comparative study enables us to
determine a valence band offset at the K-valley of 0.5 eV and to
reveal k-dependent hybridization effects. Depending on their
atomic orbital characters, we find that the ML-MoS, derived
states near the zone center can either be fully merged into the
MoSe,-derived continuum or retain their original character in
the ML-MoS,. In addition, a hybridized band in an extended k-
space (from kj = 0 to 0.6 A™" along the '-K direction) is
observed with its dispersion significantly altered from that in
the ML-MoS,. We further reveal indirect evidence for the
formation of the moiré pattern on the spectra at the K-point.
We anticipate this method to create a large area homogeneous
TMD heterostructure that can be adopted to create a diverse
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set of TMD heterostructures and enable k-space probe of the
electronic structures in vertically stacked vdW heterostructures
for intriguing science such as electron dynamics, exciton
dynamics, exciton condensation, and quantum phases.””**~**
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