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Electronic structure of WSe2: A combined photoemission and inverse photoemission study
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~Received 2 August 1996!

We report on a complete determination of the experimental and theoretical valence- and conduction-band
structure of WSe2. The results of combined angle-resolved photoemission and inverse photoemission are
discussed in the context of fully relativistic linear-muffin-tin-orbital and extended linear-augmented-plane-
wave calculations. We measure an indirect band gap of 1.2 eV, and find the valence-band maximum to be
located at the center of the Brillouin zone and the conduction-band minimum at 0.55GK.
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I. INTRODUCTION

The atomic and electronic structures of transition-me
dichalcogenides have been the subject of many experime
and theoretical investigations.1–5 Tungsten diselenide, with a
fundamental band gap of 1.2 eV, being one of the semic
ducting layered compounds, may be viewed as prototype
terial for optoelectronic and photovoltaic devices. In fa
solar cells with efficiencies up to 17% have been reporte6

A comprehensive understanding of the electronic prop
ties of those materials is crucial for further progress in t
field. Band-structure calculations within the local-density a
proximation~LDA ! ~Ref. 7! predict an indirect fundamenta
gap, as also observed in optical experiments.8 The position of
the valence-band maximum, however, has been contro
sially discussed recently.9 The LDA calculation of Coehoorn
et al.7 predicts the valence-band maximum~VBM ! to be lo-
cated at the center of the Brillouin zone. Recent photoem
sion results, in contrast, seem to give evidence of a VB
located atK on the zone boundary in line with a full
potential LDA band-structure calculation.9

It is the aim of the work presented in this paper to mak
detailed study of the occupied and unoccupied electro
structure of WSe2. The experimental band structure and ba
gap resulting from combined angle-resolved photoemiss
and inverse photoemission spectroscopy will be analyze
comparison to band-structure calculations using the rela
istic linear muffin tin orbital~RLMTO! and the extended
linear-augmented-plane-wave~ELAPW! methods.

The second section deals with the structural and electr
properties of WSe2. After describing the experimental de
tails, we will discuss the experimental determination of t
valence-band maximum and conduction band minim
~CBM!. This is followed by a description and the results
the band-structure calculations. A comprehensive discus
of the occupied and unoccupied experimental band struc
will be presented and compared with theory in Sec. VI.

II. STRUCTURAL AND ELECTRONIC PROPERTIES

The macroscopic and microscopic properties of the l
ered crystal WSe2 show a pronounced two-dimension
550163-1829/97/55~16!/10392~8!/$10.00
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character. While inside one layer the strong ionic and co
lent bonding predominates, weak van der Waals forces
between the layers. Consequently, the transition-m
dichalcogenides exhibit strong anisotropic properties~e.g., in
optical and electronic properties!.

Inside one layer the transition-metal atom W is hexag
nally surrounded by six other W atoms. This plane of me
atoms is sandwiched by two layer planes of hexagonal c
packed Se atoms. The chalcogen atoms are coordin
trigonal prismatic with regard to the transition metal atom,
shown in Fig. 1~a!. Different stacking sequences of the laye
result in the polymorphic types of the crystals with differe
lattice parametersc perpendicular to the layers. WSe2 crys-
tallizes in the 2H structure, i.e., two sandwiches contribu
to c. The lattice parameters for WSe2 area53.286 Å and
c5236.488 Å.5 WSe2 belongs to the nonsymmorphic spa
groupP63 /mmc. Figure 1~b! shows the corresponding Bril
louin zone of WSe2. Capitals denote points of high symme
try.

According to Liang,1 the electronic structure of WSe2 can
be pictured as follows. The energetically lowest states w
mainly Se 4s and Se 4p character are fully occupied. Be
cause W belongs to the transition-metal group VIb, the
tralayer bondings show mainly covalent character. In t
case the trigonal prismatic coordination is favored. For en
getical reasons the fully occupied W 5dz2 band splits off
from the remaining unoccupied W 5d bands, and shifts to
lower energies. It causes a band gap of about 1.2 eV,

FIG. 1. ~a! Trigonal prismatic coordination of the Se atoms
2H-WSe2. ~b! Brillouin zone of WSe2.
10 392 © 1997 The American Physical Society
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lowed by the unoccupieds andp states with the main con
tribution from the cation~see Fig. 2!.

III. EXPERIMENT

The angle-resolved photoemission spectra were take
the HONORMI beamline of the DORIS III storage ring
Hamburg Synchrotron Radiation Laboratory for photon e
ergies 9 eV,hn,33 eV. The electrons were detected by u
of a 180° spherical analyzer mounted on a goniometer wh
is movable around two independent axes. These degree
freedom allow a very accurate final sample adjustment p
formed by taking spectra in small-angle steps around
critical points without moving the sample. For the spec
shown here, an overall energy resolution of 50 meV,DE
,130 meV and an angle resolutionDq,0.25° were chosen

The inverse photoemission spectra were taken by usin
compact grating spectrometer with parallel detection of p
tons in the energy range of 10 eV<hn<40 eV.10,11 Elec-
trons were focused on the sample by an Erdman-Zipf-t
electron gun12 with ; 1-mm2 spot size and angle divergenc
,3°. Energy and momentum resolutions are typica
400 meV and 0.05 Å21.

In order to refer energies to the experimentally det
mined VBM, we apply combined angle resolved photoem
sion and inverse photoemission~CARPIP! spectroscopy.11 In
this technique a common energy scale for angle-reso
photoemission and inverse photoemission data is establi
by detecting the electron energy from the inverse photoem
sion electron gun with the photoemission electron ene
analyzer. Thus a separate determination of the Fermi leve
reference energy is avoided, and band bending does no
fect the calibration. This technique therefore allows a v
accurate determination of energy differences between o
pied and unoccupied states including the fundamental b
gap.

FIG. 2. Schematic density of states of WSe2 in the trigonal
prismatic 2H phase@after Lianget al. ~Ref. 1!#.
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2H-WSe2 crystals were grown by chemical vapor tran
port using iodine as transport gas. According to Hall me
surements the crystals were stronglyp doped (p5231017

cm23 at T5300 K!. Clean WSe2 surfaces were prepared b
cleavage parallel to the weakly bonded sandwich layers.
crystal quality was characterized by Laue x-ray diffractio
low-energy electron diffraction, scanning tunneling micro
copy, and the surface sensitivity of photoemission and
verse photoemission itself.

IV. DETERMINATION OF VBM AND CBM

For a discussion of electronic properties in the context
band-structure calculations it is essential to have an accu
experimental knowledge of the VBM, which serves as e
ergy reference for a direct comparison of experimental a

FIG. 3. ~a! Normal-emission photoelectron spectra of WSe2

taken in the EDC mode. The capitals mark dispersionless em
sions. The enlarged panels display the energetically highest e
sions showing a maximum at 10.5 eV.~b! EDC spectra around the
K(H) point in theGK(AH) direction near the Fermi energies a
hn514.5 and 21.22 eV.
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10 394 55M. TRAVING et al.
theoretical results. An appropriate tool for an experiment
determination are measurements of energy distributi
curves ~EDC’s! for various photon energies by means o
angle-resolved photoemission spectroscopy~see, e.g., Refs.
13–15!.

In Fig. 3~a! we show normal-emission (q50°) photo-
electron spectra taken in the EDC mode using synchrotr
radiation. Upon changing the photon energy, the k' compo-
nent is varied along theGA direction of the Brillouin zone.

According to theory, the electronic structure of layere
materials should show no or only weak dispersion perpe
dicular to the layers. This strong two-dimensional charact
can be clearly observed in the photoemission spectra of F
3~a!. The binding energies of the emissions labeledA, B,
C, D, andE remain almost at constant binding energy whe
the photon energy is changed.

In angle-resolved photoemission spectra the valence-ba
maximum is determined by the energetically highest em
sion feature. The high-resolution spectra shown in the e
larged panels of Fig. 3~a! locate the VBM at 10.5-eV photon
energy.

High-resolution spectra taken around theK(H) point of
the Brillouin zone for photon energies of 14.5 and 21.22 e
are plotted in Fig. 3~b!. We observe two emission features
X andY showing distinct dispersion aroundK(H). The high-
est energy ofY, however, is well below the highest occupied
energy level atG, i.e., it is determined to be 30 meV below
the VBM. In order to investigate k' effects, we measured
along theK(H) direction of the Brillouin zone@Fig. 4~a!#.
The spectra are taken in the constant-final-state~CFS! mode,
i.e., the final-state energy of the detected electrons is ke
constant, while the photon energy is swept. In contrast to
EDC spectrum, in a CFS spectrum the ki component is con-
stant. The double structure exhibits very weak dispersion
the KH direction ~in agreement with theory!. The upper

FIG. 4. ~a! CFS spectra of WSe2 in the KH direction
(ki5uGKu), ~b! ARICIS spectra in theGA direction (ki50.0).
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emissionY atK(H) remains energetically below the peak
G(A) at hn510.5 eV byDE530 meV. This clearly demon-
strates that experimentally that the VBM is observed at
center of the Brillouin zone, i.e., at theG point. In contrast,
Straubet al.9 recently observed the highest emission atK.
Their conclusion was derived from a limited data set conta
ing only spectra at photon energies above 21 eV which co
pare well with our results. However, we observe the VB
for a spectrum taken at 10.5-eV photon energy.

Applying CARPIP allows us to establish a commo
unique energy scale for photoemission and inverse ph
emission spectra. Thus band gaps can be determined
high accuracy without referring to the Fermi energy expl
itly. In order to investigate the conduction band minimum w
first took spectra in the angle-resolved inverse constant
tial energy spectroscopy~ARICIS! mode in directionsGA
~perpendicular to the layers! andGK ~parallel to the layers!.
A selection of these spectra is shown in Figs. 4~b! and 5~a!.
In direction GA @see Fig. 4~b!#, we observe a pronounce
peak about 2.8 eV above the VBM, showing only weak d
persion. By tracing this peak alongGK @see Fig. 5~a!#, we
observe a splitting around14GK, and find the lowest conduc
tion band dispersing down in energy to 1.2 eV above
VBM. We found the CBM at ki50.55GK andEi513.88 eV
after variation of ki and k'(Ei) around these values~see Fig.
5!. The resulting fundamental band gap of WSe2 is indirect
and has a value of 1.2 eV, in line with optical data.8

V. BULK BAND-STRUCTURE CALCULATION

We calculated the band structure of WSe2 self-
consistently within the local-density approximation, emplo

FIG. 5. ~a! ARICIS spectra taken at initial energyEi513.88 eV
in the GK(AH) direction. The dashed line indicates the band g
Energies refer to the VBM.~b! ARICIS spectra of WSe2 taken at
ki50.55GK. The dashed line marks the energy of the lowest un
cupied band.
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ing two techniques. For the valence bands we used the f
relativistic LMTO,16,17 and for the conduction bands we ap
plied the scalar-relativistic extended LAPW,18 which, be-
cause of the use of an extended basis set, is more accura
higher energies.19 For both methods we use a basis of s
atoms and two empty spheres as in Ref. 7, withz50.125,
wherez is the fractional distance between metal and no
metal layers in units ofc.

The RLMTO calculations were carried out with bas
functions including angular momenta up to l53 for W, l52
for Se, and l51 for the empty spheres. The non-ASAcontri-
bution to the overlap matrix, i.e., the so-called combin
correction, was taken into account.20 In the ELAPW the set
of basis functions was made up of all APW’s wit
reciprocal-lattice vectorsGW for which uGW uS,7.41, S being
the muffin-tin spheres’ radius which in this case w
S52.358 a.u. for all the spheres. This yielded 439 us
APW’s, and as a result of the extension there were 50 ad
tional functions.

As WSe2 has an inert~0001! surface, only bulk band-
structure calculations have been carried through. Both
ergy regimes, the valence as well as an extended conduc
band range, are considered, because with the knowledg
the final photoemission states electron-transition~ET! plots
can be constructed. These plots assist the interpreta
within the band mapping framework, and are indispensa
for reliable statements on the band structure, as long as
culations within the photoemission one-step model are
available.

The electron transition plots~see Figs. 7 and 8! are de-
rived from the LMTO valence bands~Fig. 6, left! and

FIG. 6. Band structure of WSe2 calculated by the fully relativ-
istic RLMTO method~on the left!. Energy bands along theGA
direction according to the scalar-relativistic ELAPW method~on
the right!. In both graphs the valence-band maximum is chosen
the energy zero.
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ELAPW conduction bands, which we show only in theGA
direction ~Fig. 6, right!. The ELAPW valence-band part i
only presented for comparison and completeness. F
electron-like branches folded back at the zone bounda
appear for high energies, besides a series of gaps and
dispersive bands below 15 eV. In the APW decomposit
the free-electron-like bands are frequently associated w
wave vectors perpendicular to the layer planes only. Ho
ever, different from the well-known normal-emission findin
that forward emission often dominates the photocurrent, h
we could not detect such a behavior. In contrast, the elec
transition plots to be discussed in the following show that
electron emissions accumulate rather from the regions
high one-dimensional density of states, as given by the b
edges or by the low dispersive bands.

In the RLMTO calculations we find the valence-ban
maximum atK, while the highest valence band atG is only
18 meV below. The CBM is also atK, so that we obtain a
direct band gap of 1.1 eV. The ELAPW method places
VBM at G. It is significantly higher in energy than the high
est valence band atK. This calculation yields a CBM at 0.55
GK, and an indirect band gap of about 0.4 eV. Consider
the position of the VBM, the RLMTO results do not dis
criminate between theG andK points~a 18-meV difference!,
whereas the ELAPW puts the VBM atG ~a 224-meV differ-
ence!. Because of the lack of fully relativistic treatment
the latter, we cannot finally decide on the position from
theoretical point of view.

VI. RESULTS AND DISCUSSION

A. Electronic structure along GA

In order to investigate the occupied and unoccupied e
tronic structures perpendicular to the layers, we emplo
angle-resolved photoemission and inverse photoemissio
ki50, while varying the stimulating photon energy~photo-
emission! and initial electron energies~inverse photoemis-
sion!. In photoemission and inverse photoemission, resp
tively, the value ofk' is thereby unknown because of th
broken translational symmetry perpendicular to the surfa
However, suitable assumptions on the part of the band st
ture complementary to that under investigation~e.g., free-
electron-like final states in the case of photoemission! allow,
in principle, a determination of the perpendicular compon
of the wave vectork' within the direct transition model
Furthermore, it is not even necessary to determinek' be-
cause one can display initial-state energies of spectral
tures as a function of the corresponding final-state energ
The obtained ET plots14 allow the experimental results to b
directly compared with theory, if, of course, a theoretic
band structure has already been calculated. Such a com
son between experimental data and the theoretical transit
in theGA direction is shown in Fig. 7.

On the part of the theory, all possible transitions betwe
occupied initial states and unoccupied final states have b
plotted~regardless of selection rules!. The experimental data
were drawn withEB50 eV equal to the VBM of theory. One
clearly detects horizontal empty stripes corresponding
gaps between valence bands and, for low final-state ener
also empty vertical stripes derived from gaps between c
duction bands. Many experimental emissions arise near

s
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band edges and from less dispersive bands, such as aroun
21.5 @feature B of Fig. 3~a!#, 21.8(C),22.7(D), and
23 eV(E). Additional data points are found in the gap nea
21 eV ~featureA), which could also be attributed to the
neighboring band edges, and within the large gap betwe
23.2 and26 eV ~see Fig. 6, left!. The latter could be con-
nected with valence states if the ELAPW calculation ha

FIG. 7. Electron transition plot of the valence bands in theGA
direction of WSe2. Filled circles represent the experimental data
solid lines the theoretically possible photoemission transitions usi
the RLMTO calculation for the valence bands and the ELAPW
calculation for the conduction bands.

FIG. 8. Electron transition plot for inverse photoemission show
ing transitions from unoccupied states in theGA direction of
WSe2. Solid lines represent theoretically possible transitions. E
perimental data are plotted by filled circles.
d 0,

r

en

d

also been used for the valence bands. Former LAPW res9

would also yield some states within this gap. At present,
calculations are too much at variance on this highly e
panded energy scale to decide which deficiency of
method may be responsible for the failure between23 and
24 eV. Apart from this question the general agreement
tween experiment and theory seen in Fig. 7 appears to
very good. In particular, the accurate positions~see structures
B, C, D, andE in Fig. 7! of the additional spin-orbit-split
nondispersive bands show that the RLMTO gives a relia
explanation of the experimental results.

The ARICIS spectra in theGA direction@Fig. 4~b!# show
dispersionless emission features as observed in the occu
band structure@Fig. 3~a!#. The corresponding compariso
with theory is shown in the ET plot in Fig. 8. As in Fig. 7, a
possible transitions between initial and final bands have b
plotted regardless of selection rules. The strong peak
EB52.8 eV marked by filled circles in Fig. 4~b! is found at
slightly lower binding energies than theory predicts. T
next two, energetically higher emissions@in Fig. 4~b!,
marked by squares and circles# coincide with the band edge
of the final bands of the ELAPW calculation atEB54.2 and
6.2 eV, respectively. Therefore, one concludes that
theory can account for the dispersionless states observe
theGA direction.

B. Electronic structure along GK„AH …

In order to determine the band structure in theGK(AH)
andGM (AL) directions, we measured off-normal emissio
~EDC! as well as off-normal incidence~ARICIS! spectra.

Figure 9~a! shows EDC spectra in theGK(AH) direction
taken athn521.22 eV. With increasing polar angleq, the

,
g

-

-

FIG. 9. ~a! EDC spectra in theGK(AH) direction for a photon
energyhn521.22 eV.~b! ARICIS spectra in theGK(AH) direction
taken at an initial electron energyEi516.73 eV.
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previously mentioned characteristic peaksX and Y arise.
They disperse to smaller binding energies, whenki ap-
proaches theK(H) point.

Figure 9~b! presents a selection of ARICIS spectra in the
GK(AH) direction taken at the initial electron energy
Ei516.73 eV. Four different bands can be traced in th
GK(AH) direction, marked by different symbols. In contrast
to Fig. 5~a!, the spectra in Fig. 9~b! exhibit no clear mini-
mum in theGK(AH) direction at this different electron en-
ergy.

The comparison of the occupied and unoccupied ban
structures in theGK(AH) direction with theory is shown in
Fig. 10. The experimental valence-band structure at a phot
energy ofhn521.22 eV is plotted onto the projected valence
band structure of the RLMTO method.20

On the part of the conduction-band structure, we plotte
the experimental results for the initial electron energie

FIG. 10. Comparison of the occupied~circles! and unoccupied
band structure (Ei513.88-eV triangles,Ei516.73-eV circles! in
the GK(AH) direction with a projection of the RLMTO theory
~occupied and lower unoccupied states! and the ELAPW method
~unoccupied states!. Filled symbols indicate strong emissions,
empty symbols weak emissions.
e

d

on

d
s

Ei513.88 eV~triangles! andEi516.73 eV~circles! onto the
projected band structures of the RLMTO method~upper part
of lower panel, Fig. 10! and the ELAPW method~upper
panel!.

A satisfactory agreement with the experimental d
points, especially with respect to the strong peaks, is
served in directionGK. The double structureX,Y shows an
excellent agreement with the theoretical bands from 0.5GK
to theK(H) point. Even the splitting of the structure is de
scribed correctly, indicating the importance of the fully rel
tivistic calculation. The very narrow bands of the doub
structure in theory confirm the lack ofk' dispersion of the
double structure, as seen in Fig. 4~a!. At K, in the RLMTO
calculations, the uppermost valence-band state is found t
slightly higher by 18 meV than atG, whereas in the experi
ment we found the VBM atG with an energy difference o
30 meV toK ~see Sec. IV!. ~In the ELAPW method, the
comparison with experimental valence-band data suf
from neglecting spin-orbit coupling. However, that calcu
tion yields the VBM atG, with 224 meV above the maxi
mum atK.!

The lowest unoccupied band as calculated by the RLM
coincides well with the corresponding data points~lower
panel!. In the upper panel the results of the scalar-relativis
generalized LAPW method for the lower conduction ban
are plotted. The generalization guarantees a higher accu
regarding the agreement with the original nonlinear APW19

This applies especially to the higher-energy bands up to
eV, where the method is superior to the RLMTO calculatio
Those bands are necessary for drawing the ET plots. H
ever, the method yields a CBM which seems to be too lo
The experimentally found CBM betweenG and K better
agrees with the ELAPW results if the bands are rigid

FIG. 11. ~a! EDC spectra in theGM (AH) direction excited with
a photon energy ofhn521.22 eV. ~b! ARICIS spectra in the
GM (AL) direction taken at an initial electron energyEi516.73 eV.
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10 398 55M. TRAVING et al.
shifted by roughly 0.5 eV to higher energies, which may
attributed to quasiparticle effects opening the main gap.
the same effects could also affect the position of the VB
and CBM by changing the dispersion; see, e.g., Wenz
Cappellini, and Bechstedt.21 Thus the solution of these ques
tions depending on such tiny energy differences is postpo
to further computations.

FIG. 12. Comparison of the occupied and unoccupied ba
structures (Ei516.73 eV! in theGM (AL) direction with a projec-
tion of the RLMTO theory~occupied and lower unoccupied state!
and the ELAPW method~unoccupied states!. Filled symbols indi-
cate strong emissions, empty symbols weak emissions.
ad
ine
-

red
t

,

d

In spite of the fact that, as previously mentioned, the c
culated band gap is too small~LDA !, the lowest experimen-
tal conduction band shows the same dispersion as the lo
band of the ELAPW calculation in theGK direction. At ap-
proximately 0.55GK it runs through a minimum, before i
disperses to higher energy. Approaching theK(H) point, it
shifts clearly to lower energy again, in agreement with o
theory.

C. Electronic structure along GM „AL …

The evolution of the emissions in theGM (AL) direction
at hn521.22 eV is shown in Fig. 11~a!. A selection of
ARICIS spectra in theGM (AL) direction for the initial en-
ergyEi516.73 eV is presented in Fig. 11~b!.

The corresponding comparison with the projected ba
structures of the RLMTO calculation and the ELAPW
method is shown in Fig. 12. Again we note a good agreem
between theory and experiment as in theGK(AH) direction.
This is particularly true for the strong emissions, which a
indicated by filled circles. Considering the conduction stat
a slight shift of the theoretical bands to higher energies
to quasiparticle effects would improve the comparison h
also.

VII. CONCLUSIONS

In summary we have employed CARPIP together w
RLMTO and ELAPW calculations to determine the valenc
and conduction-band structure of the layered mate
WSe2. The experimental results yield an indirect fundame
tal band gap of 1.2 eV. The VBM is observed at the zo
centerG, while the CBM is found at 0.55GK. The compari-
son of experiment and theory alongGA by means of electron
transition plots demonstrates an excellent agreement. E
sions mainly arise near band edges and from less dispe
bands, confirming the theoretically predicted effects of sp
orbit coupling. Forki dispersions alongGM and GK, we
observe satisfactory agreement. In particular the splitting
the upper valence bands aroundK is correctly described by
theory, demonstrating the importance of the fully relativis
calculation.
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