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Surface resonances at transition metal dichalcogenide heterostructures
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Layered transition metal dichalcogenides do generally not exhibit characteristic electronic surface states
localized perpendicular to the layers. Employing van der Waals epitaxy together with angle-resolved photo-
emission spectroscopy we show how surface-layer-derived electronic states can be generated on these materi-
als. For a heterojunction consisting of one HfS2 epilayer adsorbed on bulk WSe2, purely two-dimensional
behavior as well as three-dimensional coupling of the epilayer to substrate bulk states is observed despite a
large lattice mismatch between epilayer and substrate. The experimental results are discussed in the context of
electronic structure calculations.

DOI: 10.1103/PhysRevB.65.153314 PACS number~s!: 73.21.2b, 71.20.Nr, 79.60.Jv
ta
at
tw
rg
an
al
er
e

ta
-
te
s

ac
ze
ve
ed
a
re
i

n
e

lic
-

-

es
h
w
y
th
y

it
te

ic
o-
ec

n,
the

te-
der

to-

the
uc-

m
ates
ate
ate
ully
the
ite
is-
ri-

ture
s.

fS

rgy

s-
urg
ctra
lar
ion
-

nsi-

-

The broken translational symmetry at surfaces of crys
line materials, in general, can lead to localized surface st
and surface resonances. These features are
dimensionally periodic parallel to the surface. If the ene
of these states lies within a band gap of the projected b
structure of the bulk material, they are exponentially loc
ized perpendicular to the surface. Surface resonances ov
in energy with bulk bands and usually extend several lay
into the bulk because they can mix with bulk states.

Two-dimensional layered materials of the transition me
dichalcogenide~TMDC! family, consisting of chalcogen
metal-chalcogen triple layers bonded by van der Waals in
actions only,1 generally do not exhibit surface derived state
This is due to the absence of broken bonds at their surf
Electronic states whose wave functions are mainly locali
at the surface—which we label as surface-layer-deri
states in the following—can relatively easily be generat
however, by heteroepitaxial growth of one kind of
chalcogen-metal-chalcogen triple layer on a different laye
substrate material. Even in the case of a large lattice m
match between epilayer and substrate such adlayers ca
grown smoothly with their own lattice constant by van d
Waals epitaxy~VDWE!.2 This way, it is possible to grow a
large variety of insulating, semiconducting, or metal
TMDC heterojunctions3,4 which are of technological impor
tance in the field of photovoltaics5 and in high-energy-
density batteries.6 WSe2, e.g., is a prototype for high
efficiency solar cells.7

More recently, Kleinet al.8 have shown that surface stat
on InSe layers prepared by van der Waals epitaxy on grap
do not couple to substrate states and exhibit a purely t
dimensional character, therefore. In this case, the energ
the InSe surface layer states lies within a projected gap of
graphite substrate band structure so that the surface-la
derived states do not interact with the substrate states.

On the contrary, here we are dealing with the oppos
case in which the energy of all surface-layer-derived sta
coincides with the projected substrate bulk bands. In part
lar, we investigate which states exhibit merely tw
dimensional character and which display in addition el
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tronic coupling to the substrate, i.e., in the third dimensio
through surface-derived states. The latter coupling across
heterointerface between two different TMDC layered ma
rials could be the key for an understanding of the van
Waals epitaxy of these materials.

In this work we report results of angle-resolved pho
electron spectroscopy~ARPES! with synchrotron radiation
showing the evolution of electronic surface resonances at
surface of a layered material. A semiconductor heterostr
ture consisting of a S-Hf-S triple layer—i.e., of one HfS2

‘‘monolayer’’ on p-doped WSe2—serves as a model syste
for assessing the properties of surface-layer-derived st
and their coupling behavior to bulk states of the substr
material. In our investigations of this system we demonstr
that the surface-layer-derived electronic states are either f
localized in the surface layer or couple to bulk states of
underlying substrate material. This coupling occurs in sp
of the broken translational symmetry due to the lattice m
match parallel to the layers. The interpretation of our expe
mental data is supported by the results of our band struc
calculations and layer-resolved electron densities of state

All results described here were obtained on clean H2
monolayers epitaxially grown on bulk WSe2. Growth param-
eters ~sulphur pressure pS2

;2 –331029 mbar, substrate

temperatureTS5650 K, and a low hafnium flux! were cho-
sen to yield a growth rate of about one HfS2 monolayer per
hour. Preparations were characterized employing low-ene
electron diffraction~LEED! and in situ scanning tunneling
microscopy~STM!. Subsequently the samples were tran
ported under ultrahigh-vacuum conditions to the Hamb
Synchrotron Radiation Laboratory. Photoemission spe
were taken at the HONORMI beamline using our angu
spectrometer for photoelectrons with high-energy resolut
ASPHERE~Ref. 9! ~the overall energy resolution was cho
sen to beDE565 meV).

The calculations of the band structures and charge de
ties of 2Hb-WSe2 and 1T-HfS2 were performed employing
density functional theory~DFT! within a local-density ap-
proximation~LDA !.10 Norm-conserving, nonlocal pseudopo
©2002 The American Physical Society14-1
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tentials as suggested by Bachelet, Hamann, and Schlu¨ter11

have been used. The exchange-correlation energy was t
into account using the Ceperley-Alder12 form as param-
etrized by Perdew and Zunger.13 To represent the wave func
tions, Gaussian orbitals ofs, p, d, and s* symmetry have
been employed. For WSe2 and HfS2 we have used 100 an
120 orbitals per unit cell and spin, respectively, which we
localized at the atomic positions. The decay constants of
Gaussians were chosen to be$0.17, 0.45, 1.18, 3.10% for W,
$0.17, 0.41, 1.00% for Se,$0.17, 0.45, 1.10, 2.50% for Hf, and
$0.17, 0.47, 0.90, 1.70% for S ~in atomic units!. A linear mesh
of less than 0.2 Å in real space was used for the repre
tation of the charge density and the potential. The spin-o
interaction was taken into account in each step of the ite
tion in an on-site approximation; i.e., only integrals with t
same location of the Gaussian orbitals and the spin-orbit
tential were taken into account. The lattice parameters u
in the calculations area53.280 Å, c5236.475 Å, andz
50.129c for WSe2, and a53.635 Å, c55.837 Å, andz
50.25c for HfS2, wherez is the distance between the met
layer and the enclosing chalcogen layers.

Epitaxial growth of the first HfS2 monolayer is character
ized by STM and LEED~Fig. 1!. During the initial stages of
growth two-dimensional HfS2 islands are formed@Fig. 1~a!#.
The corresponding LEED picture@inset in Fig. 1~a!# consists
of two hexagonal patterns with the outer one belonging
WSe2 and the inner one to HfS2 due to its larger lattice
constant @aWSe2

53.286 Å, aHfS2
53.635 Å. ~Ref. 14!#.

From the relative size of both patterns a lattice mismatch
11%61% is ascertained. Thus HfS2 grows with its own
bulk lattice constant as a consequence of the weak inte
tion between substrate and epilayer. The alignment of b
patterns shows that the HfS2 clusters have the same crysta
lographic orientation as the WSe2 substrate. The islands in
crease in size to form the first monolayer~1 ML! upon coa-
lescence@Fig. 1 ~b!#. Note that the second monolayer at th
stage of growth has almost not started, yet, and a w
defined thickness of one monolayer HfS2 is obtained.

Considering first the electronic structureE(k') perpen-
dicular to the surface of bulk HfS2 we applied ARPES a
normal emission with various photon energieshn @Fig. 2~a!#.
Two pronounced peaks markedA andB are observed which
are associated with sulphur derived states. EmissionB dis-
plays a large dispersion of;800 meV while peakA only

FIG. 1. STM pictures of~a! 69% of 1 ML and ~b! 1 ML
HfS2 /WSe2 @~a! empty states, 2V bias,I t50.5 nA, substrate tem
peratureTsub5600 K ~b! 1 V bias, I t50.24 nA, Tsub5650 K#.
inset ~a!: corresponding LEED image (Ekin5150 eV).
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slightly changes its binding energy. This difference is eas
explained considering a Mulliken analysis of the respect
calculated bands. EmissionA mainly originates from S 3px
and S 3py derived electronic states which are primarily l
calized within the layers and interact only very little perpe
dicular to the layers. In contrast, peakB corresponds to elec
tronic states which are derived by more than 90% fro
S 3pz orbitals. These possess large overlap across the
der Waals gap, leading to the distinct dispersion of bandB
with electron wave vectork' .

Angle-resolved photoemission spectra for one monola
HfS2 on bulk WSe2 are shown in Fig. 2~b!. Due to the sur-
face sensitivity of photoemission, mainly contributions of t
HfS2 layer are visible in the spectra. StructuresA and B
correspond to HfS2-surface-layer-derived states and may

FIG. 2. Angle-resolved photoemission data~normal emission,
ki50) with various photon energieshn of ~a! HfS2 bulk crystal and
~b! 1 ML HfS2 /WSe2 ~top! and corresponding spectra as gray sc
images~bottom!. The dispersion of peakB is followed by a solid
line in the spectra as well as in the gray scale images.~c! Photo-
emission spectra~normal emission,ki50) at hn527 eV and 21
eV of 1 ML HfS2 /WSe2 ~solid line! and WSe2 spectra~dotted line!
broadened and normalized to match peakY ~Ref. 16!. ~d! Difference
between spectra of 1 ML HfS2 /WSe2 and WSe2 shown in~c!.
4-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 153314
compared to structuresA andB of bulk HfS2. Again, peakA
does not show anyk' dispersion in analogy to the corre
sponding weakly dispersing structure of the bulk mate
since the respective states are primarily localized within
HfS2 monolayer and do not couple to WSe2 bulk states,
therefore. These states are completely localized at the su
and may be regarded as purely two-dimensional surfa
layer-derived states.

In contrast, peakB which is associated with S 3pz orbit-
als does show a distinctk' dispersion between photon ene
gies from 21 eV to 27 eV. This becomes also obvious co
paring the gray scale images. An additional emission labe
Y with increasing intensity at higher photon energies occ
within the band gap of HfS2. This peak is due to the WSe2

substrate and does not alter the observed dispersion of
B. To estimate the WSe2 contributions to the photoelectro
current a WSe2 bulk spectrum is broadened and normaliz
to match peakY in the spectra at hn521 eV and 27 eV@see
Fig. 2~c!#. Subtracting the broadened WSe2 spectra from the
HfS2 monolayer spectra@see Fig. 2~d!# leaves the dispersion
of peak B unchanged amounting to'250 meV @see Fig.
2~d!#. This is a remarkable result in view of the earlier fin
ings by Klein et al.8 who investigated InSe adlayers o
graphite. These authors observed that at a thickness of
monolayer of InSe on graphite the InSe valence states do
interact with the substrate at all; i.e., they are electronica
fully decoupled and do not show any dispersion, therefo
The dispersion of peakB in our current system can only b
caused by an interaction between the HfS2 monolayer and
the WSe2 substrate across the heterointerface. To unders
the origin of this unexpected three-dimensional electro
coupling and to identify the WSe2 band involved in the in-
teraction with the S 3pz orbitals the band lineup betwee
HfS2 and WSe2 has to be determined.

The valence band maximum of WSe2 has been located
0.37 eV above peakY in the spectrum taken athn527 eV
@Fig. 2~c!# applying band mapping and using symmetry pro
erties of the crystal.15 Since the position of peakY is clearly
observable at 1.16 eV above the HfS2 valence band maxi-
mum, we determine the valence band offsetDEvbm51.53
60.05 eV.

The WSe2 band responsible for the coupling can now
identified. To this end, the electronic band structure of WS2
is plotted in Fig. 3~a! along theD line, which corresponds to
the direction perpendicular to the layers in real space@Fig.
3~b!#. Figure 3~c! displays a photoemission spectrum of o
monolayer~1 ML! HfS2 shifted byDEvbm. The gray area
marks the energy interval over which the emission peaB
disperses for photon energies betweenhn521 eV and 27
eV. This energy region coincides with the WSe2 band U
which is responsible for the coupling to the electronic Hf2
monolayer states giving rise to peakB.

Figure 3~d! shows the band structure of bulk HfS2 along
theD line. Four groups of bands labeledA–D are associated
with the four peaks in the photoelectron spectrum of 1 M
HfS2 @Fig. 3~c!#. The centers of these bands are marked
circles and clearly coincide with the positions of peaksA–D
in the spectrum of Fig. 3~c!. These centers are characteris
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of a HfS2 monolayer and the bulk bands develop from the
while going from one monolayer to a bulk crystal.

To illustrate the mechanism of three-dimensional coupl
between overlayer and substrate the charge densities of
tronic states of a HfS2 monolayer and bulk WSe2 are exem-
plarily plotted in Fig. 4. A cut perpendicular to the sandwi
layers is shown. The charge densities related to the banA

FIG. 4. Charge densities of electronic states of a HfS2 mono-
layer at 1

2 GA ~bandsA andB) and of bulk WSe2 at 1
2 GA ~bandsU

andV) in the ~110! plane. Atomic positions are indicated by sol
~Hf and W atoms! and open~S and Se atoms! circles. At the inter-
face between HfS2 and WSe2 the positions of Hf and W atoms~see
the right panel! are marked by vertical lines. This clearly shows t
lateral offsets in the positions of the HfS2 and WSe2 atoms.

FIG. 3. ~a! Electronic band structure of bulk WSe2 along theD
line. ~b! Brillouin zone of 2Hb-WSe2 ~c! Photoelectron spectrum o
1 ML HfS2 /WSe2 ~normal emission,ki50, hn524 eV) shifted
by valence band offsetDEvbm with respect to the WSe2 band struc-
ture shown in~b!. Gray area displays energy interval over whic
peakB disperses with various photon energies.~d! Electronic band
structure of bulk HfS2 along D. Centers of the bandwidth ar
marked by circles.
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andV are clearly localized inside the respective layers. T
bandsU andB, on the other hand, give rise to a high electr
density between the HfS2 monolayer and the WSe2 substrate.
A Mulliken analysis yields a 30% contribution of Se 4pz
orbitals to bandU and a 90% contribution of S 3pz orbitals
to bandB at 1

2 GA. Thus both bandsU andB contribute high
charge densities across the interface.

This unexpected coupling is even more surprising in vi
of the fact that there is a substantial lattice misma
('11%) between the lattice constants of HfS2 and WSe2. In
consequence the overlap of the S 3pz and the Se 4pz wave
functions is partially reduced at the heterointerface as in
cated in Fig. 4. When one Hf atom is located at a match
position~i.e., vertically above a W atom!, the neighboring Hf
atoms show already considerable lateral shifts with respe
the corresponding W atoms~see the vertical lines in Fig. 4!.
Accordingly the lower left sulphur orbital~related to bandB)
can overlap without distortion with the Se substrate orb
~related to bandU) while the overlap of the following sul-
phur orbitals with the selenium substrate orbitals is redu
due to the lateral shifts of the HfS2 atoms with respect to the
WSe2 atoms. These inequivalent positions of the sulphur
bitals may lead to slightly varying binding energies of t
a

on
-
c-
or
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corresponding S 3pz derived surface layer states. Cons
quently, emissionB of the HfS2 monolayer exhibits a much
broader peak width than the respective structureB of bulk
HfS2 @compare Figs. 2~a! and 2~b!#.

In conclusion, we have measured angle-resolved ph
emission spectra with various photon energies of one H2
monolayer on bulk WSe2. We have identified two characte
istic surface-layer-derived electronic features. One of them
purely two dimensional in nature and clearly localized in t
epitaxial overlayer. The second is a surface resonance w
is localized to a considerable extent in the epilayer and
hibits very significant three-dimensional coupling to t
Se 4pz states of the WSe2 substrate despite a large lattic
mismatch. This interaction can be understood in terms
calculated band structures of HfS2 and WSe2 clearly match-
ing dispersive S 3pz and Se 4pz bands when properly
aligned to account for the experimentally determined vale
band offset.
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