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Valence-band maximum in the layered semiconductor WSe
Application of constant-energy contour mapping by photoemission
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Angular-resolved photoemission data and a full-potential fully relativistic density-functional calculation on
the electronic band structure of the layered semiconductor J)8asistently show that the valence-band
maximum is located at the sixfold-degener#tepoint of the Brillouin zone and not at its center, as earlier
calculations have predicted. By mapping out constant energy contours with photoemission spectros&opy, the
space location of the valence-band maximum can be visualized in a very instructive way, demonstrating the
potential of this spectroscopic technique also for semicondudi®€d.63-18206)50724-1

WSe, is a semiconducting material with a layered crystal ~ For our band calculation we have used the full-potential
structure consisting of hexagonal Se-W-Se sandwiches seplirear augmented-plane-wavw&APW) method? including
rated by van der Waals gaps. With its fundamental band galpcal orbitals for the high-lying “semicore” states. Ex-
of about 1.2 eV matching well the solar spectrum and due tehange and correlation are treated within the LDA; self-
its remarkable stability against photocorrosion, W®as consistency was reached using scalar-relativistic equations.
been proposed as a promising material for photovoltaidn the final iteration spin-orbit coupling was included as per-
applications. Indeed, electrochemical devices based onturbation. In contrast to the ASW calculation of Coehoorn
WSe, have been reported to possess conversion efficiencieg al,® no shape approximation to potential or charge density
of up to 17%. Furthermore, recent studies using scanningyas made, and this may explain the small but important dif-
tunneling microscopy revealed that by applying short-timeferences between their and the present work. Our calculation
voltage pulses to the tunneling tip stable, readable, and eragss performed for the experimentally determined crystal
able surface modifications on a nanometer or even atomig,ctyre, even though a total-energy optimization yielded a
scale can be creatt_ed on \Aé&mrfaceé. . . slightly smaller(by 4% W- to Se-layer separation.

_ Despite these interesting macroscopic _properties only “Jq reqyiting band structure is shown in Fig. 1. Here we
little work on the underlying microscopic electronic structurewam to focus on the topmost valence-band states. Near the

is reported in the literature. From optical experiments the . : .
nature of the fundamental band gap has been identified £one center E/A). the h|ghest occupled states cpnsn;t of
ostly W 5d,2 orbitals with some Seb, character mixed in.

indirect’ Photoelectron spectroscopy has been applied tQ.. ) , ;
study the metal-semiconductor interface formation and prop>"ce these orbitals are oriented perpendicular to the layer
erties on WSg® but, to our knowledge, no angle-resolved structure, the corresponding bands display a noticeable en-

photoemission data on the(k) band structure of the bare €rdy dispersion along theA line of the BZ. When following
surface exist so far. Apart from a few tight-binding calcula-these bands towards the zone edge, it changes its orbital
tions, only one density-functional-type band structure calcu-
lated within the local-density approximati¢ghDA) has been
published® This calculation, which uses the augmented
spherical wave ASW) method, confirms the indirect nature
of the gap with the valence-band maxim@wBM) localized
at the center of the Brillouin zon@BZ), i.e., at thel” point =
(see Fig. 2 for the BZ of WSg and the lowest unoccupied 2
state half-way along thEK line. P
>
w
w

In this paper we present data from angle-resolved photo-
electron spectroscopyARPES and the results of a full-
potential LDA band calculation, which consistently place the 4
highest occupied valence-band state athgoint of the BZ,
in striking contrast to the earlier prediction. We demonstrate
the usefulness of a new spectroscopic technigue, namely, the
mapping of constant-energy contours by photoemission, for

.6 "

the determination and visualization of the VBM (layered r M K r A L H A
semiconductors. A comprehensive discussion of our ARPES

and LDA results of the electronic structure of WSill be FIG. 1. LDA band structure for various high-symmetry direc-
presented elsewhefe. tions (energies relative to the valence-band maximum
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character completely. For example, near #epoint the a) He-l TK(HA) b) Normal Emission T’'A
highest valence-band states are derived from in-plane orbit- 850 mev >

als (W 5d,, and &,2_,2 in equal weights As a conse-
guence, their energy dispersion aloKgd is almost negli-
gible.

The most interesting result of our calculation is that the
topmost valence-band state at epoint is found 170 meV
higher in energy than the highest occupied state at the zone
center(I'). This is in striking contrast to the calculation of
Ref. 6, which places the VBM af, by almost 500 meV
above the topmost state Kt We should add here that our
finding of the VBM atK is independent of the inclusion of
spin-orbit coupling. The conduction-band minimy@BM)
is found about half-way alongK, here being in good agree-
ment with Ref. 6. Our new calculation thus confirms the
indirect character of the fundamental band gap. However,
transitions across the gap have to occur betweeitipoint
and the CBM at=1/2I'K, and not betweet’ and the CBM
as thought before.

The photoemission measurements have been performed
with He-l (21.22 eV} radiation (at the home laboratory in
Saarbraken and with synchrotron lightat BESSY, Berlin.

In both cases a VG ESCALAB spectrometer was used. The
home system was equipped with a fully automated manipu-
lator, which allows an independent variation of the azimuthal
and polar angles of photoelectron detection. Thus a large
fraction of the 2r half-space above the sample can be
scanned. Two spectroscopic methods have been employed,
namely, the measurement of energy distribution curves E-Eygy (eV)

(EDC’s) and the mapping of constant-energy contours

(CEC’9) (described beloy For both techniques an analyzer  FIG. 2. (a) Selected He-I excited EDC’s alodtk (AH). Bind-
acceptance angle of 1.75° (=1.0° at BESSY and an en- ing energies relative to the VBM. Spectra are corrected for He-l
ergy resolution of 100 meV was used. Intrinsicgliydoped  satellite emission, but not for band bendifgge text The inset
WSe, crystals were grown using the chemical vapor trans-shows spectra dt (¢=0°) andK (38°) both measured immediately
port method. For the photoemission measurements fresh suafter crystal cleavagelb) Normal emission spectra excited with
faces were prepared by situ cleavage. Characterization of synchrotron radiation showing the dispersion along I4e direc-
surface quality and orientation of the cystals was achieved bg}on of the BZ. Spectra are corrected for band bending. Also shown
using photoelectron diffraction patterns and the azimuthalS the Brillouin zone of WSgwith critical points.

symmetry of the EDC'’s.

In Fig. 2@ we show a selection of He-l excited EDC’s remain clearly below that of the topmost emission at
measured along thEK (AH) azimuth. Focusing on the top- K (H). Thus, the valence-band peak with the highest energy
most features we find around normal emissi@r=0°) an  along thel'K (AH) azimuth is observed at the (H) point.
asymmetric peak, which towards higher emission angles dd=or this reason we have deliberately chosen its position as
velops into a characteristic double peak around 17.5°. Corenergy zero, because, as we will discuss below, this state can
cerning its energy position the topmost structure disperselse identified with the VBM.
upwards from normal emission, assumes its maximum en- Figure 3 contains a comparison of the high-lying experi-
ergy around 38{corresponding to thé& (H) point in the mental bands derived from the EDC'’s in Fig@Rwith a
BZ], and moves down again for higher emission angles. Therojection of our theoretical bulk band structure onto the
spectra additionally contain an extrinsic energy shift to largesurface BZ:® Especially around th& (H) point the quali-
binding energies, presumably caused by a Fermi-level shiftative behavior of the experimental dispersions is nicely re-
due to adsorbate-induced defect states in the gap, which wasoduced by the LDA bands. The observed energy separation
carefully monitored by repeatedly measuring normal emisof the double peak of the order of 500 meV has to be com-
sion EDC's throughout th&'K (AH) seriest? Taking the pared to the splitting predicted by the LDA calculation of
resulting band bending into account, the energy separatioB00—490 meV alond' K and AH. TowardsI" (A) the two
between the topmost peak in the 0° spectrum and that abpmost LDA bands display a rapidly increasikg depen-

K (H) is found to be 85@&50 meV, which was consistently dence, with only one intense spectral structimamely, the
reproduced on several samples. This is best seen in the insegymmetric peak mentioned abgvfalling into the now

of Fig. 2(a) which contains spectra at 0° and 38°, both mea-broadened projected density of states aldiy. The fact
sured immediately after cleavage, so that the Fermi-levethat, experimentally, the second band is not clearly resolved
shift can be safely neglected in this case. Peak energies in tloian be understood from the following discussion.

EDC’s measured along other high-symmetry directiaiso As seen in Fig. 1 the LDA calculation predicts the two
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FIG. 3. Experimental band structutdoty measured along the
I'K (AH) azimuth compared with the corresponding LDA bulk
band structure projected onto th& (k, =0) line of the surface BZ
(shaded area Open dots denote weak spectral structures. The ex-
perimental points are raw data not yet corrected for the band bend-
ing.
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meV atl’. From normal emission spectra measured with syn-
chrotron radiatiodisplayed in Fig. &)] and using an inner

potential of 14.5 eV as determined by comparison with the:';OO meV () relative to the VBM. The panel on the right shows the

band calculation and independently by tar_get Current:orresponding energy positions in the EDC’s measured around the
spectroscopywe conclude that th&-space location of the (H) point of the BZ.

0° He-l spectra is close to B point in the extended zone
scheme. It can be shown that photoemission selection rulesnergy window given by the analyzer resoluli@and mea-
related to the nonsymmorphic space grol) of WSe,  sure the intensity as a function of the emission direction over
(Ref. 1)) allow excitations from the second band, but sup-almost the entire half-space above the sample surface. Trans-
press emission from the highest state at this wave vectofating the emission angle into the in-plane wave vedtor
leaving it only as a tail-like emission centered at about 10and neglecting possibl&-space modulations of transition
meV binding energy in the He-l spectrum. The synchrotronprobabilities, one thus maps out the occupancy of states at a
spectra further show that, when tuning the photon energgiven energy in reciprocal space, or, in other words, one
into the next BZ(h»~34 eV), the intensity is now shifted to measures constant energy conta@&C) &(k|) = const. This
the highest state dt, while emission from the second one technique has previously been used to measure Fermi sur-
becomes suppressed, in accordance with the selectidaces in metal$®**To our knowledge, this is the first time it
rules!! From these data we determine a full separation of thes utilized for the determination of the VBM in a semicon-
first and second valence-band staté aff 750 meV, in good  ductor.
agreement with the location of the weak shoulder relative to In Fig. 4 we show CEC maps for three different energies
the main peak in the He-I spectrum. near the top of the valence band. Maphas been obtained
This discussion demonstrates that, even though the enefer the highest photoelectron energy for which photoemis-
gies of the intense peaks in the He-l EDC's in Fig. 2 alreadysion intensity can be detected, i.e., it corresponds to zero
seem to suggest that the VBM is located at Kagooint, a  binding energy relative to the VBM. It displays intense spots
more careful interpretation taking into account the effects oftentered around the six equivaldft(H) points of the BZ,
transition matrix elements is required. We nevertheless arrivéhus nicely visualizing th&-space position of the VBM. As
at the same conclusion, with the topmost stat&Katbout  the binding energy is increased by 250 mévap B), the
10050 meV higher in energgi.e., lower in binding energy  spots develop into hollow rings, whose intensity distribution
than that at thd” point, thus confirming the result of our reflects the threefold symmetry of the surface |Ayenore
LDA calculation. clearly than map\. The ring shape is easily understood from
A very instructive way of visualizing the position of the the EDC’s also shown in Fig. 4: at 250 meV below the VBM
VBM in reciprocal space can be achieved by performing theahe topmost band has moved away frér(H) in all direc-
photoemission experiment in a different mode. Rather thamions, whereas at thi€ (H) point itself the detection energy
keeping the electron emission angle fixed and scanning iteow falls exactly into the gap between the first and second
kinetic energy as in the EDC’s, we now keep the energypeak. Additionally, new intensity appears at the BZ center
constant(i.e., we accept photoelectrons only within a fixed (I'/A), originating from the weak shoulder visible in the 0°

FIG. 4. CEC maps for binding energies of 8)( 250 B), and
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spectrum of Fig. &). Map C finally shows the CEC for a (W 5d,, and &,2_,2) character of the valence stateskat
binding energy of 500 meV. Now the topmost band hasas obtained in the band calculation, accounts well for the
moved further out, giving rise to the triangularly shapedobserved transport anisotropyThe application of constant
rings, while the maximum of the second-highest band apenergy contour mapping allows us to visualize the position
pears atk (H) at this energy. Also, the intensity & (A)  of the VBM in reciprocal space in a very instructive way,
increases strongly, because the intense first peak observedtiys demonstrating the potential of this new photoemission
the 0° EDC is beginning to enter the energy window of theiechnique also for semiconductors.

analyzer.

Inyconclusion, both our photoemission and LDA results We wish to thank the group of E. Buch@fonstanz for
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the BZ. This is of importance for the understanding of theAebi (Fribourg for sharing with us the technology for CEC
transport properties gi-doped WSeg, because the additional mapping. We are also indebted to M. Lux-SteiriBerlin)
possibility of intervalley scattering will affect carrier life- for helpful discussions on W$eThis work was supported
times and mobilities. Furthermore, the essential in-plandy the DFG(SFB 277 and Hu 149/17}1
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