
PHYSICAL REVIEW B 15 APRIL 1997-IIVOLUME 55, NUMBER 16
Occupied and unoccupied electronic band structure of WSe2
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An extensive investigation of the electronic band structure of the layered semiconductor 2H-WSe2 is pre-
sented. Angular-resolved photoemission~ARPES! and angular-resolved inverse photoemission spectroscopy
~ARIPES! data are compared to a full-potential fully relativistic density-functional calculation, yielding a very
gratifying correspondence between the experimental and the theoretical data. The topmost valence band is
found to behave differently than previous calculations have predicted, with the valence-band maximum~VBM !
being situated at the sixfold degenerateK point of the Brillouin zone. Furthermore, the so-far-neglected
spin-orbit interaction is shown to be essential for a correct description of the band structure in the vicinity of
the VBM. The combination of ARPES and ARIPES spectra is used to determine the indirect and direct band
gaps at various locations in the Brillouin zone and is compared to optical absorption data. We demonstrate that
for a correct interpretation of the photoemission data it is crucial to account for band-bending effects, which are
presumably caused by photon-induced surface defect states. Implications of our results for the optical and
electrical transport properties will be discussed.@S0163-1829~97!02116-4#
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I. INTRODUCTION

2H-WSe2 belongs to the family of layered transition met
dichalcogenides~TMDC’s! which display a wide variety of
interesting physical properties1 and have thus been of con
tinuous interest for more than three decades. The pronou
anisotropy of these compounds results from the formation
MX2 layers with strong covalent intralayer bonds, but on
weak van der Waals coupling between adjacent layers. L
the other group VIb TMDC’s, WSe2 is a semiconductor.1 It
has been intensively studied as a potentially interesting
terial for photovoltaic applications because its optical a
sorption matches the solar spectrum quite well.2,3 Further-
more, and in contrast to conventional semiconductors,
optical gap is determined by orbitals that contribute o
weakly to the chemical bonding. As a consequence, the g
eration of electron-hole pairs by light absorption does
break any bonds, resulting in a remarkable stability aga
photocorrosion.2

Another puzzling property of WSe2 has recently been dis
covered by scanning tunneling microscopy~STM!.4,5 Short
voltage pulses applied to the tunneling tip are found to p
duce long-term stable and erasable surface modification
a subnanometer scale, which can be probed again with
same tunneling microscope. This effect, which in princip
allows the realization of a digital memory cell of atom
dimension, still lacks a detailed explanation.

Despite these interesting properties only relatively few
vestigations, both experimental and theoretical, have aim
at the determination of the underlying microscopic electro
structure. Most results were obtained from the related co
pound MoS2, which was considered as a model compou
550163-1829/97/55~16!/10400~12!/$10.00
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for the semiconducting TMDC’s with 2H structure, as ea
single-layer band calculations6 demonstrated a strong sim
larity of their band structures. The first band-structure cal
lation based on density-functional theory~DFT! for these
materials ~MoS2, MoSe2, and WSe2) was performed by
Coehoornet al.7 A comparison to experimental results o
tained from angle-resolved photoelectron spectrosc
~ARPES!, however, was given only for MoSe2.

7

The compounds of the 2H-MoS2 family are indirect-band-
gap semiconductors and it has been generally believed
the valence-band maximum~VBM ! lies at the center, i.e., a
the G point of the Brillouin zone~BZ!.7 Very recently, we
have presented experimental and theoretical evidence8 that
the VBM in WSe2 is actually located at the sixfold degene
ateK point of the BZ, in contrast to the predictions of th
early band calculations. This is presently a controvers
issue.9

This paper contains a comprehensive study of the oc
pied and unoccupied electronic band structure of 2H-W2
by means of ARPES and angle-resolvedinversephotoemis-
sion spectroscopy~ARIPES!, respectively. We also present
DFT band-structure calculation, which, to our knowledge
the first to use full potentials. It is demonstrated that,
contrast to what was reported earlier,7,10 the inclusion of
spin-orbit coupling is essential for a correct description
the band structure and can remove apparent discrepan
with experimentally observed behavior. We further sho
that for a correct interpretation of the ARPES data and,
particular, for the precise determination of thek-space loca-
tion of the VBM it is crucial to account for time-depende
band-bending effects, which are caused by photon-indu
defect states in the fundamental band gap. The combina
10 400 © 1997 The American Physical Society
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55 10 401OCCUPIED AND UNOCCUPIED ELECTRONIC BAND . . .
of ARPES and ARIPES further allows the wave-vecto
resolved determination of indirect and direct gaps in t
semiconductor.

The remainder of this paper is organized as follows. In
next section we will review some of the physical propert
of WSe2 related to the electronic structure of this compoun
We will particularly address its optical properties, since fro
our results we will be able to clarify some of the controve
sial issues discussed in the literature. After a brief outline
the experimental procedures in Sec. III we will describe o
local-density approximation results in Sec. IV. Section
presents our spectroscopic results, which are to be discu
in Sec. VI. The conclusions will be given in Sec. VII.

II. STRUCTURAL AND ELECTRONIC PROPERTIES
OF WSe2

The crystal structure of 2H-WSe2 belongs to theD6h
4

space group. Figure 1 shows the symmetric unit cell, wh
contains two formula units located in two adjacent hexago
Se-W-Se layers. Within each layer, the W atoms are coo
nated in a trigonal prismatic arrangement. The lattice par
eters are a53.282 Å ~in plane! and c512.960 Å
~perpendicular!.11 Two subsequent Se-W-Se sheets can
viewed as being displaced with respect to each other, fo
ing anABABA. . . hcp-type layer sequence. Alternativel
the crystal can be mapped onto itself by applying a n
primitive translation byc/2 and subsequent rotation byp/3
~screw operation! with the screw axis located in the center
the unit cell and oriented along thec axis. This symmetry
operation makesD6h

4 a nonsymmorphic space group and im
plies selection rules for photoemission from the correspo
ing Bloch waves, which need to be taken into account fo
correct interpretion of the ARPES data.12 The ~infinite! crys-
tal thus is of sixfold symmetry, whereas each single WS2
sandwich layer as well as the surface is of threefold sym
try only.

The semiconducting nature of WSe2 is most easily under-
stood from a simple ionic picture,1 in which the fully occu-
pied Se 4p shell lies energetically below the W 5d states.
The remaining electrons completely fill the W 5dz2 orbital,
which in the trigonal crystal field is split off from the rest o

FIG. 1. Hexagonal unit cell and Brillouin zone of 2H-WSe2.
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the d manifold, thus opening a gap between occupied a
unoccupied states. While band-structure calculations1,6,7,13

support the overall picture, they also find strong hybridiz
tion between Se 4p and W 5d states, resulting in a substan
tial covalent~i.e., nonionic! character of the chemical bond

In view of the layered crystal structure it seems, at fi
glance, not surprising to find a pronounced anisotropy in
electrical conductivity~e.g.,s i /s''502500 at room tem-
perature inp-type semiconducting crystals14,15!. On the other
hand, this observation seems not to be supported by
band-structure calculations so far available for WSe2 and
related materials,1,6,7,13which place the VBM at the cente
~i.e., G) of the Brillouin zone. Since atG the top of the
valence band is mainly composed of W 5dz2 and Se 4pz
states, considerable band dispersion is found not only al
the layers but also perpendicular to them, resulting in a fa
isotropicband mass of the holes. In search of an alterna
explanation for the observed two-dimensional transp
properties early structural studies on WSe2 ~Refs. 16–18!
claimed frequently observed stacking faults to be respons
for a strongly anisotropic carrier scattering. However, cr
tals of the type used in the present study have been subje
various investigations by STM,4,5,19,20and in no case have
stacking faults been found,21 indicating an improved crysta
quality under state-of-the-art crystal-growth condition
Therefore, the measured transport anisotropy still lacks a
isfactory explanation.

Already in 1977 WSe2 was suggested to be a promisin
candidate for photovoltaic applications in electrochemi
solar cells,2 for which conversion efficiencies up to 17%
have been reported.22 For this reason the optical properties
WSe2 have been intensively studied, mainly aiming at
understanding of photoexcitation and transport phenom
in an electrochemical environment. From the band calcu
tions, WSe2 is an indirect-band-gap semiconductor, in agre
ment with optical absorption experiments.23 The size of the
gap determined from experiment amounts to'1.2 eV at 300
K,23 involving a transition from the VBM, formerly believed
to be located atG, to the conduction-band minimum~CBM!
about halfway betweenG andK ~see Fig. 1 for a picture of
the BZ!.

The optical absorption across thedirect band gaps is pre-
ceded by a series of excitonic peaks, the two most promin
ones being referred to asA andB excitons and observed a
photon energies of 1.71 eV and 2.30 eV, respectively24

While there is some controversy about the assignment of
smaller exciton features ton.1 exciton states, it is generall
agreed upon that theA exciton exhibits a binding energy o
'0.1 eV or even less,24,25 from which the~smallest! direct
band gap can be inferred to amount to roughly 1.8 eV. Fr
detailed studies of the exciton absorption24–28 it was sug-
gested to be related to direct transitions at theG point. From
the measurement of the respectiveg factors it was concluded
that theA andB excitons should have their origin in trans
tions out of spin-orbit split bands. Based on their band c
culation, Coehoornet al.10 argued that for energetic reason
the direct band gap has to be situated at theK point ~zone
edge! of the BZ rather than atG. In line with the optical
work, they suggested that spin-orbit splitting contributes
the energetic difference between theA andB excitons. How-
ever, they could not obtain convincing agreement of th
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10 402 55TH. FINTEIS et al.
photoemission results on MoSe2 with the corresponding op
tical exciton energies.

III. EXPERIMENTAL DETAILS

The photoemission spectra have been obtained using
ferent angle-resolved electron spectrometers. Photon ene
dependent normal emission spectra were recorded usi
Vacuum Generators~VG! Escalab spectrometer attached
the SX700-II monochromator at the BESSY synchrotr
light source in Berlin. Angle and energy resolution were
to 61° and 100 meV, respectively. Off-normal ARPES da
were obtained in our home laboratory on both a VG AD
400 (61.5°/100 meV! and a VG Escalab Mk-II~61.75°/60
meV! spectrometer using the 21.22-eV radiation emit
from a conventional He discharge lamp. The latter system
equipped with a fully automated manipulator, allowing
independent variation of the azimuthal and polar angles
photoelectron detection and thus a large fraction of thep
half space above the sample to be scanned.

The inverse photoemission experiment is a home-built
paratus consisting of a Stoffel-Johnson-type elect
source29 and a photon bandpass detector for 9.5-eV phot
after Doseet al.30 The design of the electron source w
optimized by taking space-charge effects into account.31 The
resulting angle and energy resolution of the ARIPES sp
trometer are62° and 460 meV, respectively.

Establishing a common energy scale for photoemiss
and inverse photoemission spectra from a semiconductor
nontrivial problem. This results from the fact that due
surface effects the position of the experimental Fermi ene
in the band gap may vary from sample to sample, even w
grown under similar conditions. Therefore, the ARIPE
setup was additionally equipped with an angle-integrat
photoemission unit, whose spectra were then compare
numerically momentum-integrated ARPES data. This
lowed an energy alignment of ARPES and ARIPES data
within 60.1 eV.

The crystals were grown by the vapor transport meth
and typically several millimeters in diameter and a few hu
dred micrometers thick. They were glued onto Al sam
holders, with electrical contact to the spectrometer achie
by applying graphite to the edges of the sample. In cont
to the use of conductive glue containing silver particl
which is known to cause Schottky barrier formation32 on
WSe2, graphite contacts lead to an Ohmic behavior. Cle
surfaces were prepared byin situ cleavage at a base pressu
of typically better than 1310210 mbar. The azimuthal orien
tation of the crystals was determined either by x-ray diffra
tion using the Laue method or from photoelectron diffracti
patterns obtained from excitations of core electrons. A f
samples were oriented by low-energy electron diffract
~LEED!.

The data presented here were obtained mostly
p-doped crystals. We also performed a few measurement
n-type material, which, however, showed no difference re
tive to those onp-type samples except for an energy sh
related to the different Fermi level position in the band g
if-
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IV. BAND-STRUCTURE CALCULATION

Despite the large number of TMDC band-structure cal
lations in the literature, only few theoretical studies addr
the properties of WSe2 in concrete manner.6,7,9 Until quite
recently the calculation by Coehoornet al.7 was the only one
of DFT type, using the local-density approximation~LDA !
and the augmented spherical wave~ASW! method. Accord-
ing to these authors, the use of spherical potentials and
a restricted basis set may cause uncertainties in the b
energies of up to 1 eV. Furthermore, this calculation fails
give a correct description of important aspects of the exp
mentally observed band structure. For this reason we h
carried out a new state-of-the-art LDA calculation, whi
yields a much improved and in part remarkable agreem
with the experimental results. Three major ingredie
proved crucial for this success: the use of full potentia
restriction to the experimental structure parameters, and
corporation of spin-orbit coupling into the band structure.

Our band calculation has been performed using the lin
augmented plane wave method, implemented in theWIEN-95

code,33 including local orbitals for the high-lying ‘‘semicore
states.’’ Exchange and correlation are treated within
LDA and the scalar relativistic equations were used to obt
self-consistency. In the final iteration spin-orbit coupling w
included as a perturbation. In contrast to the previous LD
calculations,7,9 no shape approximation to the potential or t
charge density was made, and this is at the origin of
small but important differences between them and
present work. The resulting band structure is shown in Fig

The calculation was based on the experimentally de
mined structure parameters,11 i.e., on the lattice constant
given in Sec. II and a measured W-to-Se-layer distance
z50.129~in units ofc), even though a total-energy minima
ization ~the other parameters held constant at their exp
mental values! yielded a slightly lowerz of 0.126. We
should note here that particularly thek-space location of the
VBM depends critically on the actualz parameter used. Fo
example, for thez value obtained from the energy optimiza
tion the highest occupied state is found at theG point, with
the topmost eigenvalue atK being situated'80 meV below
this value. Coehoornet al.7 usedz50.121 in order to ac-

FIG. 2. Theoretical~LDA ! band structure for WSe2. Energies
are given relative to the valence-band maximum at theK point.
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55 10 403OCCUPIED AND UNOCCUPIED ELECTRONIC BAND . . .
count for polarization effects, which could not be treat
self-consistently in their ASW calculation. As a result th
obtained the states atK even'500 meV below those atG.
Very recently, another band calculation9 using the relativistic
linear muffin-tin orbital method assumedz50.125 and ob-
tained within numerical accuracy a degeneracy betweeG
andK ~18 meV difference!. Like Ref. 7, that work used the
atomic sphere approximation.

Restricting ourselves to the measured structure param
(z50.129! results in the valence-band maximum being
cated at the edge of the Brillouin zone (K) rather than at its
center (G), with the rest of the band structure being hard
affected at all. The VBM is now found as much as 170 m
higher in energy than the topmost state atG. We should note
here that this finding is independent of the inclusion of sp
orbit coupling. This result has important implications for t
orbital character of the electronic wave functions at
VBM. Whereas the highest occupied valence band stat
G consists of hybridized Se 4pz and W 5dz2 out-of-plane
orbitals @hence its pronounced dispersion along theGA (D)
direction#, we find almost exclusively W 5dxy,x22y2

character34 for the two topmost bands atK, leading to a very
weak dispersion perpendicular to the WSe2 sheets ('40
meV!. As a consequence, the valence-band edge now
pears to be of much more two-dimensional nature than
viously suggested, with obvious implications for the condu
tivity anisotropy ofp-doped material.

The detailed behavior of the states at the VBM is stron
affected by spin-orbit interaction. In the absence of relativ
tic effects it is an important symmetry property of theD6h

4

space group35 thatall bands in theAHL plane of the BZ~i.e.,
k'56p/c) are twofold~threefold for some bands! degener-
ate, whereas away from that plane they are generally s
due to the interlayer interaction within the 2H unit cell. How
ever, as we will show in Sec. V, experimentally we find th
degeneracy to be lifted, particularly near the VBM. Figure
contains a comparison of bands along theML andKH sym-
metry lines calculated without and with the inclusion of sp
orbit coupling. The effect of the relativistic interaction
most evident alongKH. Not only is the degeneracy of th

FIG. 3. Effect of spin-orbit~L•s! interaction along theML and
KH lines of the Brillouin zone.
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two topmost bands at theH-point lifted, but they also display
an almost constant energy separation ('360 meV! along the
entireKH line. In other parts of the BZ, the effect of th
spin-orbit interaction is much less important, and along
ML direction the bands seem hardly affected at all~cf. Fig.
3!. This result demonstrates again that the band beha
near theK(H) point is most sensitive to a correct theoretic
treatment.

The description of the rest of the band structure
straightforward. In theD ~i.e.,GA) direction pairs of disper-
sive bands are observed~cf. Fig. 2!, which are derived
mainly from out-of-plane orbitals~mostly W 5dz2 for the
topmost pair and Se 4pz for the other two!. In theD6h

4 space
group they split up into subbands ofD1 andD2 symmetry.
The other bands, both occupied and unoccupied, are for
predominantly out of in-plane orbitals and thus display on
little dispersion perpendicular to the layers. Away from t
D line these bands are of strongly hybridized nature. No
however, that, despite these assignments of the band
atomic orbitals, a considerable fraction of the weight of t
corresponding wave functions is located at interstitial sit
i.e., outside the atomic spheres.

The conduction-band minimum, which is obtained abo
halfway betweenG andK, consistent with previous calcula
tions and our experimental findings~cf. Sec. V!, also shows
a pronounced in-layer character like the VBM, so that bo
are found to be of two-dimensional nature. Se 4p states con-
tribute to the unoccupied bands mostly close to theD line,
whereas the lower-lying unoccupied bands generally h
more W 5d character. Like for the occupied bands, an im
portant amount of interstitial~strongly delocalized! contribu-
tion is found for merely all empty states. Resulting from t
use of full potentials and a much better basis set, our ca
lation yields, compared to previous work,7 an increased num
ber of conduction bands within the first 5–6 eV above t
CBM.

Our calculation thus confirms the indirect character of
fundamental band gap. However, transitions across the
have to occur between theK point and the CBM at' 0.5
GK and not betweenG and the CBM as suggested prev
ously. The gap size obtained in our calculation is 0.8 e
considerably smaller than the 1.2 eV obtained from opti
absorption.23 This reflects the usual problem of LDA calcu
lations to describe excitation energies accurately and sig
the importance of electron-electron correlation. The smal
direct gap is obtained at theK point and the spin-orbit split
bands in its vicinity appear to be good candidates for
formation of the opticalA andB excitons.

Partial densities of states~DOS! obtained in our calcula-
tion show that both Se 4p and W 5d states contribute to the
entire occupied bandwidth~see Fig. 4!, consistent with the
above discussion. This yields a much more covalent pict
of WSe2 than originally suggested for the TMDC’s by Wil
son and Yoffe.1

V. SPECTROSCOPIC RESULTS

A. Density of states

The occupied part of the DOS was measured both
x-ray excited photoemission spectroscopy~XPS! on single
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10 404 55TH. FINTEIS et al.
crystals as well as by photoemission using HeI radiation
@ultraviolet photoemission spectroscopy~UPS!# on polycrys-
talline samples. The latter were also used for the determ
tion of the empty part of the DOS by inverse photoemissi
Figure 4 compares these data to the calculated total DOS
the partial W and Se densities of states per atom. The b
gap in the theoretical DOS has been adjusted to the optic
measured one.

As can be readily seen from Fig. 4, theoretical and exp
mental intensities agree rather well, yielding a first confirm
tion of the quality of the calculated band structure. Also,
structures in the XPS spectrum of a single crystal ma
nicely those in the UPS data on polycrystalline material.
far as relative intensities are concerned, we note that
structure closest to the Fermi level is more pronounced in
UPS spectrum, indicating an enhanced W 5d related weight
in this particular energy region.36 This is indeed expected
from our LDA calculations. The otherwise fairly photo
energy-independent shape of the Brillouin zone-integra
photoemission spectra confirms the strongly covalent cha
ter of the chemical bonding in WSe2.

B. Time-dependent band bending

Though the surface of WSe2 is usually viewed as chemi
cally inert,2 we have observed a pronounced time-depend
energy shift of our photoemission spectra. This is illustra
in Fig. 5, which shows two normal emission spectra of
same sample, one measured immediately after cleavage
the other after almost 3 days of ARPES. Clearly, a rigid s
to lower energies by'200 meV has occurred. It has prev
ously been demonstrated that immediately after cleavage
WSe2 surface displays flat-band behavior,37 because no in-
trinsic surface states exist on this van der Waals bonded
tem. However, over the time scale of our measurements~up
to several days on the same surface! photon- or adsorbate
induced defect states are apparently created in the band
whose density is far below our detection limit but sufficie
to cause a band bending at the surface, which serves to c

FIG. 4. Densities of states~solid curve, DOS; dashed and dotte
curves, partial W and Se DOS, respectively! obtained from the
LDA calculation in comparison tok-space averaging photoemissio
~UPS and XPS! and inverse photoemission spectra.
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pensate for the additional surface charge and satisfy ch
neutrality.38 In fact, it is actually the absence of intrinsi
surface states that makes the WSe2 surface so sensitive to th
effect of defect states.

Energy shifts were also observed in our synchrotron
diation experiments. Here the photon energy was varied
order to determine the dispersion perpendicular to the lay
~see Sec. V C!. Figure 6~a! shows the binding energy~actu-
ally the kinetic energy minus the photon energy! of peakD
~cf. Fig. 5! as function of photon energy. The resulting pl
indicates a rather irregular behavior, which cannot be att
uted to energy dispersion. We note that the photon ene
was not increased in chronological order and indeed
puzzle can be resolved when the energy ofD is plotted ver-
sus time@Fig. 6~b!#. Now a continuous shift to higher bind
ing energy by as much as 250 meV can be identified. Wit
the first 10 h after crystal cleavage the surface was not
posed to vacuum ultraviolet~vuv! photons except for two
quick spectra after about 5 h. During that period the bind
energy appears rather stable. However, after that the sur
was constantly illuminated with vuv radiation, causing
increasing and eventually saturating energy shift within
next 3–5 h. From this behavior we conclude that the extr
sic surface states responsible for the observed band ben
are due to photon-induced defects rather than to surface
tamination. This finding is further confirmed by the observ
tion that focusing the photon beam onto a previously un
posed part of the surface immediately restores flat-b
behavior.

For a correct interpretation of the spectroscopic result
is important to eliminate these time-dependent energy sh
from the raw data. In the measurements with the He d
charge lamp this was achieved by repeatedly measuring
mal emission spectra such as in Fig. 5, thus carefully mo

FIG. 5. HeI spectrum measured in normal emission as a fu
tion of time after cleavage of the crystal. Note the rigid shift
lower energy, caused by defect state-induced band bending in
near-surface region, as shown schematically.
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FIG. 6. ~a! Energy (Ekin - hn) position of
peakD ~cf. Fig. 5! in normal emission spectra a
a function of photon energy. The error bar ind
cates the experimental energy resolution.~b!
Same as~a!, but now plotted versus time afte
surface preparation.
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toring the band bending. In the synchrotron radiati
experiments a frequent change of photon energy as requ
for calibration spectra was undesirable. Instead, we utili
the fact that the energy of peakD in Fig. 6~b! saturates at a
fixed value irrespective of the used photon energy. The
fore, its measured binding energy has been used for kee
track of the band bending.

Finally, we note that after even a short exposure of
surface to low-energy electrons~as in ARIPES or LEED! the
observed energy shifts were similar to those obtained aft
long period of vuv irradiation and showed no or only litt
further time dependence. This indicates that electron b
bardment creates surface defects at a considerably highe
than the photons, resulting in an almost immediate satura
of the band bending.

C. ARPES in normal emission

Figure 7 displays ARPES spectra measured in nor
emission and with synchrotron radiation ranging from 24
80 eV. Since the excitation probabilities of the valence el
trons vary strongly with photon energy, the spectra ha
been arbitrarily scaled to about the same maximum hei
The photon energy independence of peakD was not only
used to compensate the measured energies for band ben
but served also to calibrate the synchrotron data relativ
the spectra measured with HeI radiation~the corresponding
normal emission spectrum is also included in Fig. 7!. Apart
from relative intensity variations we observe both dispers
~particularly between 0 and21 eV! and nondispersive fea
tures in the spectra. Betweenhn548 and 54 eV a doublet is
seen to move through the valence band, which is due to
excitation of Se 3p core electrons by second-order light. A
the upper end of the covered photon energy range the sp
seem to become rather independent of the excitation ene

In order to extract band-structure information from t
ARPES data we utilize the fact that in the photoemiss
process the wave-vector component parallel to the surfac
conserved and given by

ki~Å
21!50.512AEkin~eV!sinq, ~1!

whereEkin is the kinetic energy of the photoelectron andq
its emission angle relative to the surface normal.39 The com-
ponent perpendicular to the surface, however, will cha
ed
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when the photoelectron passes through the bulk-vacuum
terface. Determining its value inside the crystal requires
knowledge of the final states, which usually can be appro
mated fairly well by a parabolic energy dispersion, char
terized by an inner potentialV0 ~measured relative to the
vacuum level! and an effective massm* ~in units of the
free-electron mass!. This yields

k'50.512Am* ~Ekin1V0!2Ekinsin
2q. ~2!

Clearly, in normal emissionq50° and hence ki50, and
only Eq. ~2! applies. By varying the photon energy differe
kinetic-energy ranges are measured, thus scanning k' along
theGA line of the BZ.V0 andm* are determined in such
way as to obtain symmetric energy dispersion about crit
points in k space. In the literature, values form* close to

FIG. 7. Normal emission spectra excited with synchrotron rad
tion of varying photon energy. The data are corrected for ba
bending by aligning to the nondispersive peakD ~see the text for
details!.
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10 406 55TH. FINTEIS et al.
unity and forV0 of 12 and 14.5 eV have been found for th
related compounds MoSe2 and TiTe2, respectively.

7,40 Opti-
mum values for WSe2 are obtained in the same range, wi
m*51.0560.05 andV0514.560.5 eV. These parameter
have been confirmed independently by target curr
spectroscopy.41

The resulting experimental band structure is plotted
Fig. 8 together with the theoretical bands, with both m
sured and calculated energies referred to that of the VB
From this comparison we obtain good qualitative agreem
particularly for those bands that display a pronouncedk'

dispersion due to their three-dimensional character. In c
trast, the calculated energies of the essentiallyk'-indepen-
dent bands within the first 2.5 eV of the VBM seem to be
from the measured ones by several 100 meV. Notably,
nondispersive peak at21.8 eV, which we have used fo
energy calibration, falls into an energy range where
theory predicts a 0.5-eV-wide band. As mentioned above,
spectra measured at high photon energies display only
energy dispersion. We attribute this to the fact that at th
energies the photoelectrons have only a very short mean
path of the order of~or even smaller than! the unit cell ex-
tension perpendicular to the surface (c512.96 Å!. In this
case the information onk' almost completely smears out, s
that the spectra rather reflect a one-dimensional densit
states.

While the dispersive valence-band features observed
the low-photon-energy range follow the calculated ban

FIG. 8. Comparison of experimental and theoretical band
persions alongGA, displayed in the extended zone scheme. So
and open circles represent strong and weak experimental struc
Theoretical bands, from which photoexcitation into the vacuum
symmetry allowed~forbidden!, are indicated by solid~dashed!
curves. The allowed symmetries (D1,2) are also shown.
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nicely, their periodicity ink space seems twice as large
that of the underlying zone scheme. In other words, o
every second calculated band is seen in the experiment.
phenomenon is a consequence of a selection rule that is
rectly related to the existence of a screw axis in the struc
of 2H-WSe2. It was first observed in ARPES on graphite,12

which has the identical nonsymmorphic space group. As
ready stated in Sec. IV, in this structure all Bloch states
the GA line are of eitherD1 or D2 symmetry. Group-
theoretical considerations show that optical transitions fr
initial to final states within the crystal are only allowe
within theD1 andD2 subgroups, respectively. On the oth
hand, the even symmetry required for a coupling to a fr
electron plane wave at the surface is for a photoelectron s
of D1 (D2) only assumed in odd~even! numbered Brillouin
zones in the periodic zone scheme.12 As a result, photoemis-
sion from a given valence band can be observed in o
every other BZ. In Fig. 8 we have indicated the observa
~‘‘forbidden’’ ! theoretical bands by solid~dashed! curves,
and it is apparent that the experiment indeed reproduces
expected behavior. We note in passing that due to this ef
the first intense peak seen in the HeI normal emission spec
trum is actually due to the second highest occupied s
(D1), with the topmost state (D2) being symmetry forbid-
den.

D. Off-normal ARPES

Figures 9 and 10 show the angle-resolved HeI photoemis-
sion data measured in theGAHK andGALM planes, respec-
tively. No background correction has been applied to
spectra; band-bending effects were corrected as descr
above. Both sets of spectra are richly modulated and sho
pronounced angle dependence, particularly in theGAHK

-
d
es.
s

FIG. 9. HeI ARPES spectra measured for emission anglesq in
theGAHK plane.
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data. The most prominent spectral feature is the double st
ture at the top of the valence band in theGAHK series,
which develops out of a single peak atq518°. Towards
larger emission angles it disperses by 800–900 meV upw
in energy and reaches its maximum at 40°, correspondin
the BZ boundary@K(H) point#. In fact, at this position the
upper peak of the doublet is the highest-energy~i.e., lowest-
binding-energy! structure in all our ARPES data and w
therefore identify its energy with the valence-band ma
mum. This point will be discussed in more detail in Sec. V
Here we only note that we have chosen its position as en
zero for all experimental data.

A detailed comparison of the measured and calcula
electronic structure can be obtained by plotting the ARP
structures as a function ofki , obtained from Eq.~1!, together
with the calculated bands~Fig. 11!. Since at this levelk' is
not yet determined, we have included into the plots the t
oretical bands of both, theGK(GM ) and AH(AL) direc-
tions, respectively, with the area between correspond
bands being shaded and thus representing a projection o
calculated band structure projected onto thek'50 plane.

Starting with theGALM results we find good qualitative
agreement between experimental and theoretical band s
tures, in the sense that every measured band finds its c
terpart in the calculation. The highest observable band
plays a slight downward dispersion with increasingki , as
expected from the calculation. As soon as this peak star
disperse, a shoulder on its low-binding-energy side beco
visible ~cf. Fig. 10!, which stays at almost constant ener
~topmost open symbols in Fig. 11! and is ascribed to indirec
transitions out of the high local DOS region aroundGA. At
about 3 eV binding energy we observe an experimental p
that seems to remain rather dispersionless in the first
~solid circles!, but follows the calculated dispersion~though
about 0.5 eV too low! in the second BZ~solid diamonds!.

FIG. 10. Same as Fig. 9, but measured in theGALM plane.
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The origin of this behavior remains unclear. At higher bin
ing energy ('5 eV! a weak structure appears at low emi
sion angles, where a band gap is predicted by the calculat
and merges into a clearly distinguishable feature in cor
spondence to the calculated bands at larger values ofki .
Again, a density-of-states effect could be responsible for t
behavior.

In the GAHK plane the most striking features are th
spin-orbit split W 5dxy bands at the top of the valence ban
and the formation of a large band ‘‘gap’’ between them a
the lower-lying occupied states at the BZ boundary, i.e.,
K(H). With respect to the spin-orbit splitting of thed bands,
we obtain almost perfect agreement between theory and
periment. UsingV0 andm* as obtained from the norma
emission data, we can monitor the variation ofk' throughout
theGAHK series and find that, in fact, theAH line is crossed
twice in the extended zone scheme~at 24° and 60°, approxi-
mately!. Our spectra therefore clearly prove the lifting of th
degeneracy in theAHL plane by the spin-orbit interaction
and confirm the predicted two-dimensional behavior of t
W 5d bands away from the BZ center. The dispersive b
havior of the other valence bands is also in all details w
accounted for by the LDA result, except that the calculati
seems to underestimate the separation between the W 5dxy
bands and the following~strongly hybridized! ones by about
0.5 eV. Apart from this deviation we thus find the LDA
calculation in excellent accord with our ARPES results.

E. ARIPES

We finally present the 9.5-eV isochromat ARIPES resu
on the unoccupied bands in WSe2. Spectra were again mea
sured in theGAHK andGALM planes and are displayed in
Fig. 12. As explained in Sec. II, the energy calibration rel
tive to the VBM was achieved by measuring photoemissi
spectra on the same surface in the same experimental set
At normal incidence the inverse photoemission spectrum d
plays a single peak at about 3.2 eV above the VBM, who

FIG. 11. Experimental energy dispersions measured in
GAHK andGALM planes compared to the projected LDA volum
band structure. Solid~open! symbols denote strong~weak! photo-
emission features. Circles refer to peaks observed in the first
whereas the position of the diamonds in theGALM plane are ob-
tained from folding back from the second BZ. Thick and thin curv
represent the calculated band dispersions in thek'50 and
k'5p/c planes, respectively.
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intensity is exceptionally high for this type of experimen
especially relative to the very low ‘‘inelastic’’ background
A more careful inspection of the 0° spectrum yields a se
ond, very weak structure at'4.6 eV. In theGAHK series
the intense peak splits into two features at 15°, moving
and down in energy, respectively. At even higher inciden
angles several distinct peaks develop out of the lower-ly
part of the conduction-band emission. The lowest unoc
pied state is observed around 40° at'1.3 eV relative to the
VBM. The spectra measured in theGALM plane display a
very similar qualitative pattern as a function of electron i
cidence angle. However, the width of the low-energy ba

FIG. 12. Angle-resolved inverse photoemission spectra m
sured in~a! theGAHK plane and~b! theGALM plane. The spectra
are normalized to the sample current.

FIG. 13. Comparison of measured and calculated unoccup
bands.
-

p
e
g
-

-
d

complex is visibly smaller than in theGAHK series, with the
lowest measured energy still by about 0.2–0.3 eV hig
than in that plane.

In Fig. 13 we compare the measured conduction-band
persion to the corresponding LDA bands. Because LD
theory notoriously underestimates the band gap betw
filled and empty bands we have aligned the theoretical b
structure such that it reproduces the experimentally de
mined gap. With this procedure we obtain good over
agreement also for the unoccupied bands, except for the
weak structure mentioned above, which the theory pla
0.5–1.0 eV higher in energy. Looking at the orbital charac
of the unoccupied bands~cf. Fig. 4!, this leads to the same
finding as obtained from the ARPES data, namely, that
theory places the hybridized bands somewhat higher in
ergy relative to the W 5d derived states than the experimen
The most important result concerns thek-space location of
the CBM, which both experiment and theory consisten
find at a position halfway betweenG andK.

VI. DISCUSSION

From the above comparison of experimental and theo
ical band structures we obtain very good agreement, part
larly with respect to the energy-versus-momentum dep
dence of the valence and conduction bands. Apart from
usual band-gap problem of LDA calculations, the only ess
tial disagreement concerns the relative energies of both
cupied and unoccupied W 5d derived bands relative to th
Se 5p/W 5d hybrid bands, with the theory placing the latt
by about 0.5 eV higher than the measurement. One m
speculate whether this deviation is related to the general
ficulty of LDA theory to correctly reproduce spectroscop
excitation energies ofd states,42 though the effect would be
expected to be less pronounced for the relatively delocali
W 5d orbitals than, e.g., for open 3d shells.

For the determination of the location of the VBM in re

a-

d

FIG. 14. ARPES spectra measured atK(H) and at theG point,
demonstrating that the highest occupied state is located atK. Inset:
constant energy contours measured atEVBM , visualizing the VBM
position ink space~see the text for details!.
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ciprocal space we compare in Fig. 14 spectra measured a
two critical pointsG and K. They correspond to the loca
energy maxima of the topmost band measured along
GA(D) direction and in theGAHK plane, respectively
Clearly the highest occupied state is observed at theK point,
lying 80650 meV higher than atG, compared to a calculate
separation of 170 meV. Strictly speaking, we can only c
clude that the VBM is located somewhere on theKH line
because the HeI, q540° spectrum of Fig. 14 does not co
respond exactly to theK point @from Eq.~2!#. However, from
the theoretical band structure we know that the dispersio
the highest valence band alongKH is almost negligible~40
meV! with its energy maximum atK ~Fig. 3!. Therefore, we
can take the measured energy difference betweenG andK as
a lower limit. As for theG-point spectrum the choice of th
photon energy is crucial because the topmost state haD2
symmetry and transitions from it are allowed forhn534 eV
but symmetry forbidden at 21.2 eV~which would also cor-
respond to a position close to aG point!. Thus experiment
and theory consistently place the VBM at the sixfold deg
erateK point ~i.e., at the zone edge! of the BZ.

In a very recent similar photoemission study9 the VBM
has been reported to be observed atG, lying by 30 meV
higher in energy than the topmost state atK(H), in contra-
diction to our result. We emphasize again that for a corr
interpretation of our data it was crucial to account for t
time-dependent energy shifts discussed in Sec. V B. As R
9 does not mention the observation of band bending, wh
we found to be reproducible on all measured samples
also using different spectrometers, we are led to specu
that this effect has gone unnoticed in that work, causing
seemingly conflicting results. Furthermore, the small ene
distance between the highest states atG andK obtained in
Ref. 9 is at variance with optical measurements,23 which
yield a separation of at least 100 meV, much closer to the
meV found in this work.

The location of the VBM can be instructively visualize
by mapping out a constant energy contour~CEC! at the en-
ergy of the VBM. This is achieved by measuring the pho
electron intensity distribution at a given energy as funct
of the emission direction over the half space above
sample.8 Apart from matrix element effects, this correspon
to the measurement of band occupancies at the chosen
ergy in a two-dimensionalk-space cut. The inset of Fig. 1
shows a CEC map with the energy fixed atEVBM . The in-
tensity spots centred around the six equivalentK(H) points
of the BZ mark the highest occupied states in recipro
space and thus yield a nice illustration of the VBM locatio
The clarity of this map is helped by the suppression of em
sion out of the topmostD2 state atG at the used photon
energy~He I!, whose low-energy tail would otherwise con
tribute some spectral weight at the center of the BZ.

With the VBM at theK point the behavior of the hole
carriers in p-doped WSe2 is expected to be strongly tw
dimensional, as the states atK(H) are almost exclusively
derived from W 5dxy and W 5dx22y2, i.e., in-plane orbitals.
From our LDA calculation we obtain an appreciable ba
mass anisotropy ofm' /mi'4, whereas holes at theG point
behave rather isotropically (m' /mi'1) due to the sizable
contribution of out-of-plane orbitals. Though this finding a
ready accounts for some fraction of the observed trans
the
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anisotropy, the major part, however, must still be attribu
to carrier scattering. If the underlying microscopic mech
nism only involves~quasi!elastic scattering~by impurities or
acoustic phonons!, the two-dimensional band dispersion ne
the VBM actually induces an anisotropy also in the scatt
ing rate, as can be shown by a simple phase-space argum
With the VBM at K and negligible dispersion alongKH,
thermally excited holes will only exist in a narrow energ
‘‘valley’’ centered along this line. From the topologica
shape of the valley it is obvious that the carriers are mu
more likely to be scattered along the valley axis than perp
dicular to it, due to thek-space distribution of available sca
tering final states. This results in an enhanced dissipatio
current along thec axis as compared to in-plane direction
yielding a further contribution to the observed transport a
isotropy.

Finally, we can combine the ARPES and ARIPES data
a common energy scale as shown in Fig. 15. We are t
able to measure the band-to-band transition energies at
ous points in the BZ and to compare these to the optical d
The required energy calibration was already described
Sec. III and results in an overall accuracy of60.1 eV for the
measured gap energies. As already discussed above, the
damental band gap involves an indirect transition from
K point to about 1/2GK. From our spectra we determine i
size to 1.3 eV, which within our experimental uncertain
agrees well with the 1.2 eV obtained by other groups us

FIG. 15. ARPES and ARIPES spectra measured at sele
critical points of the BZ and displayed on a common energy sc
showing the indirect fundamental band gap and the higher-ly
direct transitions. The normal incidence ARIPES spectrum is u
for both theG and theA point, because according to theory th
lowest conduction band displays only negligiblek' dispersion.
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optical spectroscopy26,23 and combined ARPES/ARIPES9

The smallest direct gap is observed atK with a transitionen-
ergy of 1.7 eV, which is in excellent agreement with t
energy of the optically measuredA exciton ~1.71 eV! and
therefore confirming the small excitonic binding energy
ported previously.24,25 As the transition from the second
highest state atK occurs at an energy close to that of t
opticalB exciton~2.2 eV!, we find convincing evidence tha
the A andB excitons are related to direct interband tran
tions from the spin-orbit split occupied states atK into the
lowest empty band. We can thus reconcile the previou
reported findings in that we agree with Coehoornet al.10 on
the k-space location of the exciton formation and, on t
other hand confirm the spin-orbit coupling to be respons
for the measuredg-factor dependence.28We further note that
optical transitions atG or A ~the same holds forM , etc.!
occur at substantially higher energies than atK and agree
well with features observed in the optical absorpti
spectrum.26

VII. CONCLUSION

In summary, we have presented an extensive investiga
of the occupied and unoccupied electronic structure of
layered semiconductor 2H-WSe2. We have used ARPES an
ARIPES to map out the experimental band structure and
tained very good agreement with our full-potential fully rel
tivistic LDA calculation. The chemical bonding within
L
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WSe2 trilayer is found to be of strongly covalent nature. Th
photoemission data display significant band bending u
exposure to the exciting vuv light, presumably caused
photon-induced surface states in the band gap. For a co
interpretation of the spectroscopic energies it is crucial
account for this effect. Most importantly, both experime
and theory place the valence-band maximum at the six
degenerateK point of the Brillouin zone, in contrast to pre
vious reports. This results in a strongly two-dimension
character of the VBM and consequently an appreciable b
mass anisotropy of the hole carriers inp-doped material. In
the calculation the latter effect is strongly enhanced by
clusion of spin-orbit splitting. Combining suitable ARPE
and ARIPES spectra, we have determined the band gap
various locations ink space, thus locating the direct an
indirect optical absorption thresholds and identifying th
origin. The obtained gap energies correlate well with tho
determined by optical methods. We therefore find that p
toemission, optical, and transport properties of 2H-WSe2 can
readily be understood within a single framework.
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