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Abstract

Stacking two semiconducting transition metal dichalcogenide (MX,) monolayers to form a
heterobilayer creates a new variety of semiconductor junction with unique optoelectronic features,
such as hosting long-lived dipolar interlayer excitons. Despite many optical, transport, and
theoretical studies, there have been few direct electronic structure measurements of these
junctions. Here, we apply angle-resolved photoemission spectroscopy with micron-scale spatial
resolution (#ARPES) to determine the band alignments in MoSe,/WSe, heterobilayers, using
in-situ electrostatic gating to electron-dope and thus probe the conduction band edges. By
comparing spectra from heterobilayers with opposite stacking orders, that is, with either MoSe, or
WSe, on top, we confirm that the band alignment is type II, with the valence band maximum in
the WSe; and the conduction band minimum in the MoSe,. The overall band gap is

Eg = 1.43 £ 0.03 eV, and to within experimental uncertainty it is unaffected by electron doping.
However, the offset between the WSe, and MoSe, valence bands clearly decreases with increasing
electron doping, implying band renormalisation only in the MoSe;,, the layer in which the electrons
accumulate. In contrast, tARPES spectra from a WS,/MoSe; heterobilayer indicate type I band
alignment, with both band edges in the MoSe,. These insights into the doping-dependent band
alignments and gaps of MX,; heterobilayers will be useful for properly understanding and

ultimately utilizing their optoelectronic properties.

1. Introduction

Monolayers of the 2D semiconducting transition
metal dichalcogenides of formula MX,, where
M = Mo or W and X = S or Se, have direct band gaps
at the Brillouin zone corners (K-points) and spin-
polarised band edges [1, 2] suggesting valleytronic
and spintronic applications [3, 4]. Stacking two dif-
ferent MX, monolayers to form a heterobilayer can
create a type II (staggered gap) semiconductor junc-
tion where the valence band maximum (VBM) and
conduction band minimum (CBM) reside in oppos-
ite layers [5, 6]. This situation supports long-lived

© 2024 The Author(s). Published by IOP Publishing Ltd

interlayer excitons (IXs), where the hole and elec-
tron are localised on opposite layers [7-9]. Further
interest in MX, heterobilayers has been driven by
the observation of IXs trapped in the moiré super-
lattice potential arrays formed due to the crystal
mismatch [10-14]. However, experimental measure-
ments of the momentum-resolved electronic struc-
ture of these heterobilayers are scarce [15-20], and
uncertainty remains over the vital question of band
alignments, particularly at the conduction band edge.
For example, in the MoSe,/WSe; heterobilayer, which
has been widely studied as a host of IXs [8], the low-
est energy IX has been reported in some studies to be
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the K-Q exciton [21, 22] and in others to be the K-K
exciton [23], indicating confusion over whether the
CBM is at Q or K.

Angle-resolved photoemission spectroscopy with
micrometre-scale spatial resolution (uARPES) is
a powerful tool for directly probing the valence
band structure of two-dimensional materials and
heterostructures [23-29]. Combining ARPES with
in-situ electrostatic gating [30-33] allows the study
of conduction band edges in 2D semiconductor
heterostructures [20] and has demonstrated the sig-
nificance of band gap renormalisation with increas-
ing carrier concentration in monolayer MX, [33].
Here, we use this approach to determine band align-
ments and band gaps of MoSe,/WSe, heterobilayers,
resolving the question of the position of the CBM
and also observing gate-dependent electronic struc-
ture changes.

2. Results and discussion

Two MoSe,/WSe, heterobilayer devices, with oppos-
ite stacking orders, were fabricated using mech-
anical exfoliation and dry transfer techniques (see
Methods). The devices are essentially capacitors: a
graphene sheet (top electrode) overlaps the MX; het-
erobilayer, separated by an hBN flake (dielectric)
from a bottom graphite electrode supported on an
SiO,/Si substrate. Platinum contacts allow a gate
voltage, Vi, to be applied to the graphite while the
graphene is grounded through a current preampli-
fier, in order to electrostatically dope the MX,. A
schematic of the design is shown in the supplement-
ary information (SI section 1) along with optical,
atomic force and scanning photoemission micro-
scopy images of device 1 and device 2. From constant-
energy maps (SI section 2), we deduce that in device
1 (MoSe; on top) the twist angle between the layers is
close to 0° and in device 2 (WSe; on top) itis 6 £ 1°.

Energy-momentum slices without electrostatic
doping (i.e. at Vg = 0) are shown in figure 1(a) (for
device 1) and (b) (for device 2). The intensities of
similar features in the two devices are very differ-
ent. This is explained by the higher probability of
photoelectron escape from the topmost layer, so that
bands with more orbital weight in that layer are more
intense. Near T, strong intensity is seen from the
upper valence bands near I' in both devices, reflect-
ing hybridization between the layers of the metal d .-
like states near I [1]. Near K, on the other hand, for
MoSe; on top (device 1, figure 1(a)) the two spin-split
valence bands from the MoSe; (fitted by green dot-
ted lines) are stronger, while for WSe; on top (device
2, figure 1(b)) the corresponding valence bands from
the WSe, (purple dotted lines) are stronger. Along
with dispersion that matches the bands in the isol-
ated monolayers (SI section 1), this reflects negligible
hybridization of the metal d,>_,»-like states near K
[34]. Note that the lower bands near K in the MoSe,

2
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and the WSe, are almost coincident, and whichever is
stronger masks the other.

The valence band parameters determined
from the fits are summarised in table 1. The
overall VBM is at Kyse, as expected [23]. For
device 1 we can determine a valence band off-
set of Ex,—Ex, = 0.31 + 0.04 eV relative to
the MoSe, valence band at Kppse, and the
energy separation between the two bands at T’ is
Er—Ex = 0.67 4+ 0.04 eV. The measured band para-
meters are consistent between the different stacking
orders and twist angles.

Electrostatically doping the heterobilayer pop-
ulates the conduction band, making it visible in
the pARPES spectra. Figures 1(c) and (d) show
1ARPES energy—-momentum slices at Vg = +4 V
for the MoSe,/WSe; and WSe,/MoSe; heterobilay-
ers, respectively; with similar hBN dielectric thick-
nesses (device 1 hBN thickness = 9.4 £+ 0.5 nm,
device 2 hBN thickness = 9 &= 1 nm), the electron
concentrations in both spectra are ~10'* cm~2. For
both stacking orders, the CBM is observed in the
MoSe; layer at Kyjose2, establishing a type II band
alignment in agreement with optical measurements
[8, 23]. From these spectra, the band gaps for
MoSe,/WSe, and WSe,/MoSe, are found to be
identical at 1.42 £ 0.04 eV and 1.43 £+ 0.03 eV,
respectively. The IX emission peak in MoSe,/WSe,
heterobilayers varies in the range 1.3-1.4 eV depend-
ing on the twist angle and temperature [7, 8, 23, 35
36]. The observed gap of 1.43 eV is thus consistent
with an IX binding energy of around 100 meV, as pre-
dicted for WSe,/MoSe, heterobilayers in this dielec-
tric environment [37].

Weak photoemission intensity is also observed
around the Fermi energy, Er, at Qpose2 in figures 1(c)
and (d), although with significantly lower intens-
ity when the WSe; is on top in figure 1(d). This
shows that the CBM at Qposez s close in energy to
the CBM at Kyose2. To estimate the energy offset,
Exq, between K and Q, measurements were made
at multiple gate voltages on device 1, as shown in
figure 2. The lowest gate voltage at which photoemis-
sion is observed at the CBM at Kyjosez 1S +1.2 V, in
agreement with the onset of a measurable photocur-
rent (SI section 3). (Note that the low intensity band
approximately 0.5 eV above the valence band in this
spectrum is from an un-gated region of the sample
within the beam spot, contributing some spectral
intensity at reduced binding energy.) At Vg = +3V,
photoemission from the conduction band at Qposez
becomes visible. Assuming that the chemical poten-
tial in the heterobilayer is aligned with the CBM at K
at Vg = +1.2 V and with the band minimum at Q at
+3.0 V, from the shift in chemical potential between
these two gate voltages we find Exq = 15 + 4 meV
(see methods and SI section 4). This is less than expec-
ted for an isolated MoSe, monolayer, where ab initio
calculations predict Exg~ 150 meV [34], and may
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Figure 1. MoSe,/WSe, and WSe,/MoSe; heterobilayer band alignments. Left, zARPES measurements on device 1 with MoSe; on
top and twist angle 0°; right, measurements on device 2 with WSe, on top and twist angle 6° (a) and (b), energy—momentum
slices at zero gate voltage along the high symmetry lines indicated in the Brillouin zones shown above. Overlaid dotted green and
purple lines mark bands originating from the MoSe, and WSe; layers respectively. (c) and (d), Corresponding measurements at
gate voltage 44 V. The data is mirrored across I" in each case, and a logarithmic map (grayscale) is used to reveal weaker
conduction band features. Scale bars are 0.2 A~!.

Table 1. Band parameters of MoSe,/WSe;, heterobilayers and monolayers. Ek is the energy of the uppermost band edge at K, Epr — Ex is
the energy difference between the uppermost band at I" and at K, Ex, —Ex, is the valence band offset between the band edges of the
MoSe; and WSe; layers at K, Ar is the energy separation of the bands at I', Ago is the spin—orbit splitting and m* is the effective mass
of the bands at K, found from a parabolic fit in a symmetric window of 0.1 A~!. The monolayer band parameters are from monolayer
regions measured on device 1.

Ex (eV) Ep— Ex(eV) Ex,— Ex, (V) Ar (eV) Ag/%Sez(eV) Ag\%ez(eV) M¥fose, (M0) Mg, (Mo)
MoSe,/WSe; 0.74 £0.03 0.23 +0.04 0.31 £0.04 0.67 +0.04 0.21 4 0.04 — 0.7 £ 0.1 0.4 +0.1
Device 1: 0°
‘WSe,/MoSe; 0.78 £0.03 0.17 £0.04 0.28 £ 0.04 0.65 £ 0.04 — 0.52+0.04 1.0+£0.2 0.4 +£0.1
Device 2: 6°
Monolayer 1.18 £ 0.03 0.46 £+ 0.04 — — 0.18 + 0.04 — 0.6 + 0.1 —
MoSe,
MonolayerWSe, 0.81 £+ 0.03 0.64 & 0.04 — — — 0.49 + 0.04 — 0.4+ 0.1

indicate hybridisation between the layers. At Q, the
orbital composition includes contributions from the
chalcogen p, orbitals [1] which result in significant
changes in the band edge energy in multilayers. For
TMD homobilayers, the local minima at Q become
the CBM [33], while in the MoSe,/WSe; heterobilayer
the CBM remains at K but with a reduced offset Exq.

In the spectra acquired at Vg = +2 and +4 V, a
single ‘replica’ of the CBM is visible in the yARPES
spectra around Ey (see also SI section 5) and close
to K (in device 1, Kyose2 and Kyyse; are co-located
to within experimental resolution). Such replicas can
be caused by final-state diffraction of the photo-
emitted electrons [20, 38—42] and/or by modification
of the initial state by the moiré superlattice poten-
tial. We note that the replica band is only appar-
ent in the spectra taken at Vg = +2 and +4 V, and
attribute this variability to small shifts of the beam
spot position on the sample between gate voltages

(see Methods). Distinguishing the origin of the rep-
licas is not trivial and our data is not conclusive
here: further work is required to investigate pos-
sible moiré effects in the electronic structure of these
MoSe,/WSe; heterobilayers.

Increasing the electron doping in the
MoSe,/WSe; heterobilayer causes a noticeable change
in the bands [33, 43]. Figure 3(a) shows energy dis-
tribution curves (EDCs) extracted at K from the
1ARPES spectra in figures 1 and 2 for device 1. The
conduction band peak is fit using a product of a
Gaussian function and a broadened Fermi-Dirac
distribution (SI section 6). Three peaks in photoe-
mission intensity can be resolved on the valence side:
the VBM from the WSe; layer, and the two spin-split
MoSe; bands. As V¢ is increased beyond +1.2 'V, the
MoSe; valence bands at K move up in energy, redu-
cing the valence band offset between the MoSe, and
WSe,. From the fits both the overall band gap, Eg,
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Figure 2. Gate-dependent ;tARPES spectra of the MoSe,/WSe; heterobilayer. fARPES energy—momentum slices along the I" to K
direction acquired at the indicated gate voltages, Vg, and carrier concentrations, ng, in device 1. Data shown in grayscale are in

logarithmic scale. Scale bars are 0.2 A~1.
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Figure 3. Intralayer band renormalisation in MoSe,/WSe; heterobilayer. (a) Energy distribution curves (EDCs) taken at K from
the spectra shown in Figures 1(a) and 2. The gate voltage is specified above each EDC. The black lines overlaid on the data are fits
including the conduction and valence bands. The purple and green profiles under each EDC show the contributions of the WSe;
VBM and the two spin-split MoSe, bands, respectively. (b) Variation with electron doping ng of the MoSe; intralayer band gap
EQ0S¢2 (red), the MoSe,/WSe, heterobilayer overall band gap Eg (blue), and the WSe,/MoSe; heterobilayer overall gap (black).

These quantities are defined in the schematic to the right.

and the intralayer band gap of the MoSe,, EgM°%2,

can be determined, as shown in figure 3(b). While
Eg remains constant at 1.43 + 0.03 eV, EgMoSe2
decreases by roughly 0.2 eV, from 1.82 + 0.01 eV
at ng = 0.85 x 10" cm™? to 1.64 + 0.01 eV at
8.0 x 10'2 cm—2. For device 2, with the reverse stack-
ing order, we similarly find that Eg is independent of
doping. Application of an electric field across the het-
erobilayer changes the exciton binding energy as well
as the band alignments, complicating direct compar-
ison of the gate-dependence of the band gap with IX

emission. Over the range of electric field achieved
here, the IX emission should Stark shift by <50 meV
[8, 44], comparable with our measurement resolu-
tion. Higher resolution ¢ARPES will thus be required
to probe the corresponding Stark shift of the direct
gap.

The fact that doping renormalizes the valence
bands derived from the MoSe, but not those from
the WSe, requires theoretical attention, but suggests
that electrons localized in the MoSe, layer screen
Coulomb interactions in the MoSe, more strongly
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than in the WSe;. As a result, on doping, the type II
staggered band gap is retained, with the VBM remain-
ing at Kwse; and the CBM at Kyjosez- For small twist
angles this leads to an almost-direct gap, consistent
with the strong photoluminescence observed from
recombination of IX in such samples. We remark that
no measurable effect of V; can be seen on the separa-
tion of the bands at I, implying that the hybridisation
between the MoSe, and WSe; layers is insensitive to
electric field.

Finally, we note that not all MX, heterobilay-
ers have unambiguous type II band alignment. For
example, gate dependent pARPES spectra from a
WS,/MoSe; heterobilayer are shown in SI section
7. The VBM is at Kyjose2, as expected from optical
spectroscopy [13, 45-48], but the valence band edge
at I is very close, with Exp = 0.06 £ 0.1 eV, and the
conduction band edges at Kyose2 and Kys; are nearly
degenerate, the difference being below our measure-
ment resolution. From their relative photoemission
intensity, it appears that the CB at Kyjose; is mar-
ginally lower, but the electron doping is substan-
tially shared between the layers. Close energy align-
ment of the conduction band edges is consistent with
the observations of resonantly hybridised excitons
[13, 49] and fast interlayer energy transfer [47] in
MoSe, /WS, heterobilayers.

3. Conclusions

In conclusion, tARPES measurements affirm a type
IT staggered gap in MoSe,/WSe, heterobilayers and
yield momentum-resolved valence and conduction
band alignments. On electron doping, intralayer band
renormalisation is seen in the MoSe,-derived bands,
yet the net band gap does not change. This presents an
interesting counterpoint to other 2D semiconductor
heterostructures where electron doping causes a sub-
stantial reduction of the band gap [33, 50, 51].

4. Methods

4.1. Sample fabrication

Heterobilayers were fabricated by mechanical exfoli-
ation and dry transfer using a polycarbonate film, as
described previously [33]. The back gate is formed
from hBN on graphite, with the hBN thin (around
10 nm) to minimise the photocurrent generated by
the x-ray beam when a gate voltage is applied, and
transferred onto substrates with electrodes (Pt/Ti,
30 nm/5 nm) predefined by electron beam litho-
graphy, making a contact to the graphite gate elec-
trode. MX, monolayers are then exfoliated, identi-
fied, aligned and transferred onto the gate structure.
Finally, a graphene flake is transferred to make a
top contact, partially covering the MX, heterobilayer.
It is important to provide effective dissipation of

A ] Graham et al

the photocurrent during yARPES of semiconduct-
ing samples, particularly during in situ gating. To
do this, measurements were acquired with the beam
spot close to the graphene electrodes and, for some
samples, the graphene top contact was pre-patterned
into a comb-like structure using nanolithography by
atomic force microscopy [52]. Although we do not
expect graphene to make an Ohmic contact to the
MX, due to the significant conduction and valence
band offsets between MX, and graphene [23], the
contact resistance is low enough given the small
photocurrents [33] and the transfer of graphene
allows a clean top surface with minimal damage more
easily than lithographically defined metal contacts. As
described previously [33], the samples were moun-
ted in a chip carrier to allow electrical contact con-
nection during ARPES. Spectra from three differ-
ent samples are reported here: device 1, monolayer
MoSe, on WSe, with hBN thickness = 9.4 4 0.5 nm;
device 2, monolayer WSe; on MoSe; with hBN thick-
ness = 9 = 1 nm; and device 3, monolayer WS, on
MoSe, with hBN thickness = 5.5 & 0.5 nm. The
twist angles were determined to an uncertainty of £1°
by fitting the peak intensities in the constant energy
maps at the VBM/CBM corresponding to the differ-
ent layers.

4.2. pARPES with in-situ electrostatic gating
1ARPES measurements were performed on the
SPECTROMICROSCOPY beamline at the Elettra
synchrotron in Italy [53]. Linearly polarised light
was incident on the sample surface at an angle of
45° with a photon energy of 27 eV, focused to a
spot size of roughly 600 nm. The region of interest
was located using scanning photoemission micro-
scopy. The photon beam was then positioned on
the region of interest and three-dimensional 4ARPES
intensity maps I(E, k., k,) were acquired by col-
lecting a series of 2D detector images. pARPES
energy—-momentum slices were extracted from the
resulting three-dimensional datasets by interpolating
between detector slices. A gate voltage was applied,
and the photocurrent measured, using a Keithley 487
Picoammeter connected to contact pins located at
the bottom of the sample plate inside the chamber.
The measured sample temperature during (tARPES
acquisition was 80 K, thermal drift of the sample
during measurement was typically much less than
1 pm per hour. Prior to measurement, samples were
annealed in ultra-high vacuum for approximately 8 h
at 650 K.

4.3. Determining carrier concentrations,
conduction band positions and alignments

For small values of Vg, the chemical potential lies
within the band gap of the semiconductor and
the bands shift linearly and electrostatically. At a
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threshold gate voltage, the CBM of the semicon-
ductor aligns with the Fermi energy of the graphene
(ground) contact and the semiconductor starts to
conduct, with the spectral intensity from the valence
bands shifting back to a higher energy as described
in [33]. From this point on, due to the large density
of states in the conduction band, the chemical poten-
tial rises relative to the conduction band edge much
more slowly with V¢ as electrons accumulate. The
further increase in the electric field in the hBN that
controls the electron doping, ng, is determined by
Vs—AEr, where the shift, AEr, is directly measured
from the uARPES spectra at I'. SI figures S3(a) and
(b) show how AEr and Vg—AEr change with Vg
for device 1. The doping is then calculated using ng =
%‘(VG — Afr)‘ where C = %, with eppny = 4.0
[33] the dielectric constant of hBN, and d},gNy the hBN
thickness. The energy difference between the chem-
ical potential and the CBM, or Ez — Eg, is finally
deduced from the density of states of the conduction
band and the Fermi-Dirac distribution, F(E), using
ng = onCo F(E) gZDdE-

For a 2D parabolic band g&p = %, where g; is
the spin degeneracy, gy is the valley degeneracy and
m; is the electron effective mass. For the MoSe,/WSe;
heterobilayer, three 2D parabolic bands in the MoSe,
conduction band must be considered. Therefore, to
calculate the value of Er — Ec for each carrier con-
centration the following equation is used:

Er—E
ng = kgT [gKlln (1 + exp [(FkBTC)]>

Er— (Ec+ A
+gK21Il <1+€Xp |:F (kCT SO):|>
B
Er — (E, E
+ngn<1+exp[F (kC+ QK)])],
gT

where Agp is the spin-splitting at K in the MoSe;
conduction band and gx;, gk, and gq are the dens-
ities of states of the two spin-split bands at K and
at Q, respectively. Tabulated in SI table S2 are the
values found for Egp — E¢ for each carrier concen-
tration. The parameters used to calculate Ep — E¢
were m*x = 0.57 mg [34], m*q = 0.80 my [54],
Agso =20 meV [34], Eqx = 15.1 meV and T = 80 K.

Exq is determined from the change in Er between
Ve =+ 1.2 V and +3 V. SI section 4 explains how
the change in chemical potential between +1.2 and
43V is found from the calculated carrier concentra-
tion and Er — Ec. As the value of Egp — Ec depends
on Exq, Exq is varied in ng = [, EOCOF (E) gpdE until
Er — Ec is equal to the change in chemical potential
between +1.2 and +3 V.

4.4. Fitting the CBM
The peak in photoemission intensity from the CBM
in each of gated ARPES spectrum is fitted with a
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product of a Gaussian and sigmoid function, where
the sigmoid function represents the Fermi—Dirac dis-
tribution. Eg — Ec is fixed in the fit to the values calcu-
lated using the equation, ng = |, Eio F(E) g&;pdE (val-
ues listed in SI table S2). For each gate voltage the fits
of the CBM are shown in SI section 6.
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