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Ultraviolet photoemission spectroscopy (UPS) has been used to study the valence-band electronic structure
of 2H-MoS, . The samples were cleaved or heated in ultrahigh vacuum of -1X 10 ' Torr to achieve

atomically clean surfaces. A spherical retarding-field analyzer was used to measure the angle-integrated
photoelectron energy-distribution curves (EDC) and Fermi levels were located by the use of a copper reference
sample. In 2H-MoS„EDC structure is observed primarily at constant initial-state energies but with relative

strengths being a strong function of photon energy. Arguments are presented that these data are indicative of
bulk MoS2 electronic structure. The data can thus provide a sensitive test for a detailed calculation of MoS2
bulk electronic structure and transition probabilities. The UPS data are combined with other reported data,
and a rather complete band model for MoS, is developed. Two key points of this model are a semiconducting
band gap in excess of 1 eV and an overlap of the two valence bands. This model is compared with earlier
models (such as Wilson and Yoffe's) as well as more recent "first-principles" band-structure calculations.

I. INTRODUCTION

The layered transition-metal dichalcogenides
form a family of compounds having the chemical
formula TX„where T represents a transition me-
tal from group IV, V, or VI, and X represents a
chalcogen —S, Se, or Te. The most striking fea-
ture of this family of comp'ounds is their highly ani-
sotropic layer structure, which consists of chalco-
gen-metal-chalcogen "sandwiches" bonded to each
other by weak Van der Waals-type forces. Since the
bonding within the "sandwiches" is strongly cova-
lent the crystals readily cleave along a Van der
Waals gap. ' Because none of the covalent bonds
are broken by such a cleave the exposed surfaces
are relatively inert with no "dangling bonds. " The
properties of these materials have been extensively
reviewed by Wilson and Yoffe' and more recently
by Yoffe. '

Several simple models have been proposed for the
TX, compounds. Goodenough' first proposed a mo-
del based on crystal-field theory, and semiempiri-
cal models based on molecular orbitals were pro-
posed by Huisman et a/. 4 and Connell et al. '. but
the model which received the strongest early ac-
ceptance was the rigid-band model proposed by
Wilson and Yoffe' (WY). In their study, Wilson and
Yoffe' correlated the visible transmission spectra
and the electrical and structural properties of the
TX, compounds to develop a useful band model con-
sistent with a molecular-orbital approach. This
model gained added importance since it was used
as the basis for several "semiempirical" band-
structure calculations using the tight-binding ap-
proximation. ' '

In a previous paper' the present authors reported
preliminary ultraviolet-photoemission-

spectros-

copyy (UPS) data which were not consistent with
'I

16

several aspects of the WY model for MoS, .' In par-
ticular, the band gaps and bandwidths deduced by
WY were not in agreement with our UPS data. Be-
cause semiempirical band calculations are often fit
to the band gaps and widths of a simple model, it is
important that these parameters be known accur-
ately, or the entire calculation can be affected.
For this reason, we proposed modifications to the
WY model' which have since met with some oppos-
ition based on suggestions that our UPS data' were
not indicative of bulk MoS, electronic structure and
might be misleading. "" In this work we report ad-
dional UPS data for MoS, to support our previous
position, ' and we compare our results with photo-
emission data from other groups" "and with more
recent "first-principles" band calculations. ""4"

Figure 1 shows schematically the band model or-
iginally proposed by WY for TX, compounds with
trigonal-prism structure. In this model, the elec-
trical properties are determined by the degree of
filling of narrow "nonbonding" d bands lying in the
basic bonding-antibonding band gap. The dashed
lines in Fig. 1 indicate the Fermi level for the me-
tal group-V compounds and for the semiconducting
group- VI compounds. Since the atomic character
of the bands appears to be much more complex
than the WY notation implies, we have chosen to
label the so-called d,' band as V, and the lower va-
lence band V,. Likewise, we label the mainly me-
tal P-d band as C, and the higher conduction bands
C,. For MoS» WY deduce a 0.27-eV semiconduc-
ting gap with an upper filled band V, about 0.8 eV
wide and separated by about 0.9 eV from the lower
valence band V,.' They also suggest that the sharp
excitonic structure just below the visible absorption
edge is due to transitions from the top of V, to the
bottom of C,.

Although WY have fit this model to their inter-
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FIG. 1. Band model for trigonal-prismatic 7'X'2.

Compounds originally proposed by Wilson and Yoffe
(Ref. 1). The dashed lines labeled V and VI locate the
position of the Fermi level in group-& and group-VI
transition-metal compounds, respectively.

II. EXPERIMENTAL METHODS

The ultrahigh-vacuum photoemission chamber
used for this work was a modification of the cham-
ber developed by Powell" and Derbenwick. ' The
chamber utilizes a spherical analyzer to measure
the photoelectron energy-distribution curves (EDC)
with an ac-modulated retarding-field technique si-
milar to that of Eden. " It should be noted here
that the spherical energy analyzer has the advan-
tage of collecting photpelectrpns emitted from all
angles rather than only a small sample of angles,
as man/ other analyzers do. Thus angular ef-
fects, '""which are very strong in layer com-
ppunds, ~ & are integrated put, and np phptpelec-
trons are lost from the distributions. This is an
important consideration in the present work since

pretation of their optical data, the optical data have
a basic ambiguity in that they measure only energy
diff erences between valence- and conduction-band
features and not the energies of the individual fea-
tures, as is the case with photoemission. Because
of this ambiguity, it was possible for WY to fit
their optical data to a model which is inconsistent
with photoemission data such as those reported
here. (We should also yoint out that some discrep-
ancies with the WY optical data have been reported.
For example, Huisman et al. have failed to observe
the 0.27-eV absorption edge but instead find an ab-
sorption edge at 1.85 eV.')

After discussing our experimental methods in
Sec. II, we present our photoemission data in Sec.
III. The inconsistencies between our data and the
WY model, and the objections made to our pre-
viously reported' data will be discussed as the data
are presented. In Sec. IV we compare our results
with data from complementary experiments and
then, in Sec. V, we develop our model for the elec-
tronic structure of MoS, . An appendix to this paper
considers the effects of surface contamination on
the photoemission results for MoS, .

Yoffe' has specifically suggested that angular ef-
fects in UPS experiments may be the source of dis-
agreement between some aspects of his electronic-
structure model for MoS, (Refs. 1 and 2) and our
UPS results. ' The only directional effect in our
experiments was that the incident light beam was
constrained to be approximately normal to the
cleavage plane of the layer crystal so that the elec-
tric field vector E lies approximately in the clea-
vage plane; but it has been argued theoretically"
that this should affect only the intensity and not the
position of structure in the EDC's. In addition, the
light divergence and sample alignment are such
that the light is in the range of 0'-6 to the normal
so that transitions which are "forbidden" for E &c
should still be weakly excited (reduced about one
order of magnitude from maximum).

An important feature of the chamber is a clean
coyper back shutter (prepared by in situ evapor-
ation). Photoelectron EDC's from this back shut-
ter can be used to locate accurately the energy of
the Fermi level (Er)." Tne modifications to the
chamber include an aperture to restrict the size of
the incident light beam to the relatively small ( 5-
mm-diam. ) samyles and provisions for cleaving
layer crystals in ultrahigh vacuum ( 10 "Torr) by
means of a flexible copper strap attached to the
front surface of the crystal with indium-alloy sold-
er." It was found that solders with high (&50/q) in-
dium content adhere well to most TX, compounds
if an ultrasonic soldering iron is used. ' The fu11-
width-at-half-maximum (FWHM) resolution of the
analyzer is about 0.15 eV for electrons with kinetic
energy near zero. At higher electron energies the
resolution is degraded to about 0.3 eV for 15-eV
electrons and 0.5 eV for 35-eV electrons. The en-
ergies of peaks in most of the EDC's can be deter-
mined to within +0.1 eV relative to each other;
however, absolute energies relative to Ez (as de-
termined by the copper back shutter'4) have an un-
.certainty of about +0.2 eV because the measured
energy of an electron photoemitted from the sam-
ple is somewhat sensitive to the position of the
sample within the spherical collector can.

For photon energies above 11.8 eV (high-energy
transmission cutoff of LiF), a two-stage different-
ially pumped resonance lamp was used as a photon
source. " Intense spectral lines are obtained with
He at 21.2 and 40.8 eV and with Ne at 16.8 eV.
With the gas supply to the lamp turned off, the
chamber could be evacuated to a pressure of 2
&& 10 ' Torr. During lamp operation the chamber
pressure increases to -4 x 10 ' Torr; however,
mass-spectrometer analysis shows most of the
pressure rise is due to the inert discharge gas (He
or Ne). Further evidence for the cleanliness of
this lamp is that no contamination has been obser-
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FIG. 2. Full EDC from MoS2 at 21.2-eV photon energy.
The shaded portion shows the electron emission from
low-energy photons emitted by impurities in the gas dis-
charge.

ved after 8 h of lamp operation, even with rela-
tively active samples such as Cu or Pt." This rate
of contamination is comparable to the rate of con-
tamination without the lamp. (The presence of sur-
face contamination of -0.1 monolayer can be read-
ily detected with UPS at these photon energies. )

A major limitation of the lamp was considerable
output of lower-energy spectral lines due to H, im-
purity in the lamp discharge. These lines at 12.6,
10.2, and 7.7 eV cause extra photoelectrons to be
emitted near threshold, making it difficult to ob-
tain useful data in that region. Figure 2 shows the
entire distribution of photoemitted electrons from
MoS, using He in the resonance lamp. The shaded
area is the apyroximate emission from the lower-
energy yhotons. The emission from low-energy
yhotons was determined by measuring an EDC with
a LiF filter in front of the He lamp. ' This EDC
was scaled uy to account for the absorption of the
LiF filter, and then subtracted from an EDC mea-
sured without a filter. This left a nearly smooth
scattering background with several small peaks
which corresponded to peak locations expected
from -12 to 14-eV photons. Under these small
peaks a smooth curve ayproximating the scattering
from 21.2-eV emission could be extrapolated. The
dashed curve in Fig. 2 indicates this estimation of
the contribution from scattered electrons.

For hv~11.8 eV, a low-vacuum McPhearson 225
monochromator was used with a hot-filament H,
discharge light source similar to the one described
by Eastman and Donelon. " A LiF window was
used to isolate the u&trahigh-vacuum chamber from
the monochromator vacuum, thus allowing the
cleaned sample to be kept at a pressure below 1
0&10 "Torr at all times.

The quantum yield per incident photon below 11.8
eV was measured with a calibrated Cs,Sb photo-
diode. " Since an aperture was used on the cham-
ber, not all of the light incident on the photodiode
reached the sample. We corrected for this effect
by measuring the yield of the collector back shutter
with the aperture in place and comparing it at each
photon energy to the yield of an identically pre-
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FIG. 3. EDC (dashed) and its derivative (dEDC) mea-
sured at 10.2-eV. Features A' and S in the dgDC are
too weak to be obvious in the EDC at this energy; how-
ever, features at the same initial-state energies as A'
and $ are easily observed in EDC's at other photon en-
ergies ~

pared samyle without an aperture. This procedure
leads to corrections of about +20% in the absolute
quantum yield; however, the corrections are slow-
ly varying with photon energy, and no structure in
the yield is significantly affected. When measuring
the yield below 7-eV yhoton energy, it was essen-
tial to use a quartz filter on the output of the mono-
chromator to eliminate scattered high-energy pho-
tons and higher-order diffraction. Without the use
of the quartz filter, spurious yhotocurrent could be
detected several eV below the actual yhotothres-
hold.

In the ac-modulated retarding-field technique for
photoemission, "the first derivative of the EDC can
be obtained directly by tuning the phase-sensitive
detector to the second harmonic of the modulation
frequency. " The first derivative EDC (dEDC) has
the advantage that it accentuates weak features not
easily visible in the EDC itself. (Of course, one
must take care to use the dEDC's only in conjunc-
tion with the EDC's to avoid being misled into
thinking that a feature in the dEDC is a major one
when, in fact, it is a very small feature of the
electronic structure. ) The derivative technique is.
most useful in following the energy of a piece of
structure in the EDC's over changing yhoton energy
because it allows a feature to be consistently loca-
ted in energy even though, for some photon ener-
gies, the feature becomes nearly obscured or over-
layped by other stronger structure.

Figure 3 shows an EDC for MoS, at photon ener-
gy hv= 10.2 eV. The weak structures labeled A'
and S are not apparent in the EDC (dashed) but are
clear in the first derivative (solid). At first one
might think that structures A' and S are too small
to be important, but at other photon energies the
relative transition yrobabilities are such that A'
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and S are clearly visible even in the EDC. Since
the derivative allows us to locate A' and S even
when they are obscured in the EDC, we can ob-
serve the movement of the kinetic energy of A' and
S with hv over a wide range and can, therefore,
associate these features with the initial density of
states. " To be consistent, the energy of a feature
in the derivative is taken as. the energy of the mid-
point of the downward sloping portion of the "wig-
gle" (MDSW) associated with the feature. The main
justification for defining the energy of a feature in
the derivative EDC as the MDSW is that it is unam-
biguous and can be located precisely. In addition,
whenever a peak is clearly resolved in the EDC,
the energy of that peak is the same as the corres-
ponding MDSW in the dEDC. The use of the MDSW
is especially helpful in deconvolving a curve into
several symmetric functions since, in that case, a
MDSW corresponds to a peak in one of the func-
tions. Although the MDSW is useful in analyzing
the dEDC features, it must be related to the actual
electronic density of states (DOS) cautiously since,
in general, one cannot a,ssume that the DOS is a
sum of individual symmetric peaks.

III. PHOTOEMISSION RESULTS FOR MOS2

Natural molybdenite was used for all our MoS,
experiments since it is readily available in large
single crystals with 2H stacking arrangement. The
samples wer'e generously supplied by Acrivos of
San Jose State University, who found them to have
unusually small amounts of impurities, '4 The low-
energy (hv&11.8-eV) data were all obtained on
samples which were cleaved in ultrahigh-vacuum
(UHV) of 4 x 10;"Torr. It was found, however,
that samples cleaved in air and subsequently heat
cleaned in a vacuum of -10 "Torr for 6 h at 400 C
gave identical results. Since thi. s heat- cleaning
technique is simpler and more reliable, it was
used to prepare all of the samples for the high-en-
ergy (hv& 11.8-eV) data. (The effects of surface
contamination are discussed in the Appendix of this
paper. )

Since photon energies less than 11.8 eV are in-
sufficient to probe the entire valence band of MoS„
we will first present the "high-energy" (hv& 11.8-
eV) photoemission EDC's taken with the windowless
lamp as described in Sec. II. Besides being able
to probe the entire valence band, these "high-ener-
gy" EDC's have the added advantages that (i) the
background secondary electrons can be readily se-
parated from the primary emission, (ii) EDC
structure caused by final-state density is mini-
mized, and (iii) "direct-transition" effects~3 tend
to be averaged out so that the EDC's more closely
resemble the valence-band density of states (DOS).

The "low-energy" EDC's will be presented subse-
quently to show the changes in EDC's which occur
for small changes in photon energy. The shift in an
EDC structure with photon energy can then be used
to deduce the origin of that structure. " Since the
EDC structure depends on initial-state density,
final-state density, and optical-transition prob-
ability, the shift in EDC structure with photon en-
ergy can be used to gain information on the final-
state density and transition probability in addition
to deducing valence band DOS." Additionally, the
"low-energy" UPS data can often be combined with
uv optical data to gain further information on both
the filled and empty electronic states.

Figure 4 shows the valence-band emission for
photon energies (hv) of 16.8, 21.2, and 40.8 eV. The
horizontal scale gives the initial-state energy of
the electron relative to the Fermi level (Ev) as de-
termined from the back shutter of the electron en-
ergy analyzer. '4 The dashed line indicates the es-
timated contribution of scattered electrons to the
EDC at 16.8 eV. Since we were not equipped to
measure the incident light intensity at these photon
energies, the EDC's have been arbitrarily normal-
ized to have the same area (after subtraction of
the scattering contribution). The data at 16.8 and
21.2 eV were virtually noise free (signal-to-noise
ratio of 200) with an energy uncertainty of +0.1
eV. The data at 40.8 eV, however, were quite
noisy, so a smoothed average of several runs was
used to prepare the 40.8-eV curve in Fig. 4. This
curve has an estimated energy uncertainty of +0.3
eV.

To aid analysis, the UPS EDC's of Fig. 4 with the
scattering background subtracted have been pre-
sented in Fig. 5 along with the hv=1486. 6-eV x-
ray-photoemission-spectroscopy (XPS) data of
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FIG. 4. MoS2 valence-band EDC's taken with the re-
sonance lamp. The dashed line shows the approximate
contribution of scattered electrons to the 16.8-eV curve.
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FIG. 5. EDC's from Fig. 4 with the scattering back-
ground subtracted are compared here with the XPS
data of Wertheim et al.

Wertheim et al." Although the subtracted back-
ground was only estimated (by extrayolating an ex-
ponential tail under the valence-band distribution),
it was found that any reasonable estimate yielded
the same results to within the uncertainties stated
above.

Six yeaks (labeled A F) are visi—ble in the four
curves at energies of -2.5, —3.3, -3.8, -5.2,
—5.9, and -7.2 eV. (The resolution of the Hewlett-
Packard 5950A spectrometer used for the XPS
work" is probably responsible for the observed
"smearing" of peaks D and E in the 1486.6-eV
curve. The absence of shoulder B in the 40.8- and
1486.6-eV spectra is probably due to the reduced
resolution and greater noise in these spectra. )

The peak positions are the same (within experi-
mental uncertainty) at all photon energies; how-
ever, the relative peak heights are strongly depen-
dent on photon energy. Since final-state density
effects may be small for the energies of these
EDC's, the yeak-height modulation is most likely
caused by changes in optical-transition yrobabil-
ities with changes in photon energy.

Using our notation from Fig. 1, peaked corres-
ponds to the comyletely filled V, band, and the low-
er peaks correspond to the bonding valence band

V,. One of the striking features of the UPS spec-
trum is that the relative height of peak A (at -2.5

eV) increases markedly as the photon energy is in-
creased from 16.8 to 40.8 eV. This type of behav-
ior is usually associated with localized states or
states with large d admixture ' and is, therefore,
consistent with a "nonbonding" d-derived uyyer-
most filled band (V,), as proposed in the WY mo-
del' (Fig. '1) and most other theoretical calcu-

lations. ' '~" "" (The d-like nature of the valence-
band maximum is confirmed by electron-paramag-
netic-resonance measurements by Title and Sha-
fer. '~) At 1486.6 eV, peak A is relatively lower
again. This could be caused either by atmospheric
contamination from the sample being cleaved in air
(see the Appendix of this payer), or by the photo-
ionization cross section for 4d electrons undergo-
ing a so-called "Cooper minimum" due to the orth-
ogonality of the initial- and final-state wave func-
tions.

Because the density of states near the valence-
band maximum (VBM) is very small, it is difficult
to precisely locate the VBM relative to E~. Our
best estimate would place the VBM 0.9 + 0.2 eV be-
low E~. Using 30 times magnification and the de-
rivative technique described above, a very small
emission signal is detected up to about 0.7 eV be-
low E~. Although this small signal is probably
caused by analyzer resolution, it constrains the
VBM to be at least 0.7 eV below E~. This would be
consistent with the optical measurements of Huis-
man et al. ' which indicated a 1.35-eV band gap,
rather than with the 0.27-eV band gap originally
proposed by Wilson and Yoffe. '

Another point of controversy has been whether
the nonbonding d band (V,) overlaps the lower-bon-
ding valence band (V,). Wilson and Yoffe' originally
suggested that a gap of about 1.0 eV eXisted be-
tween valence bands V; and V,. The Mattheiss cal-
culations also show a V,- V, gap of approximately
1 eV, but he points out that this gay may be an art-
ifact of the calculation. ' " No such gay ia ay-
yarent in our data even when we account for the an-
alyzer resolution. In fact, taking account of the
0.8-eV (FWHM) resolution and assuming symmetric
structure for peaks A, B, and C, our data indicate
that V, (peak A) and V, (peaks B F) overlay eac-h

other by at least 0.3 eV. Such an overlap has been
calculated by Kasowski" and by Wood and Pendry. "

Several other groups have published UPS data on
MoS, at 21.2 and 40.8 eV. Williams and Shepherd"
have published EDC 's taken with several resonance
lines. Williams et al."have published EDC's from
MoS, at 21.2 eV as a function of the angle 8 be-
tween the photoemitted electrons and the c axis of
the crystal. In this yioneering experiment Williams
et al."observed peaks at about the same energies
reported here, except that the 2'elative peak heights
were a strong function of 8. A weighted average of
their EDC's corresponds roughly to our 21.2-eV
EDC shown in Fag. 5. Unfortunately, Williams et
al."give no information on the angle y of the cry-
stal about an axis normal to its surface, making it
difficult to interpret the EDC's. Just below the
Fermi level Williams et al."further observe a
weak shoulder which they identify as the nonbonding
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ours for photon energies above 7 eV. Below 7 eV,
however, WM observe a much higher yield which
persists to a threshold of 4.55 eV, about 1.2 eV be-
low what we observe. By comparing our EDC's
in Figs. 7 and 8 with EDC's reported by WM, we
find that they observe the vacuum level 0.5 eV low-
er than we do when referenced to corresponding
sharp structures or E~ in the respective EDC's.
This could easily be caused by slightly different
surface conditions and does not change any conclu-
sions about the electronic structure. The remain-
ing 0.7-eV discrepancy is in the energy of the VBM
relative to Ez (or relative to lower-lying sharp
structure). Since the energy of the VBM below Ez
sets the lower limit on the size of the forbidden
gap, we took special care to verify our data near
the photothreshold. Small effects had to be con-
sidered here because the level of yield in the dis-
puted region was very small —more than three or-
ders of magnitude below the yield a few eV above
threshold. We used unusually pure crystals'4 and
found it imperative to use filters to eliminate scat-
tered and second-order light from the monochro-
mator. The removal of the filters gave the ap-
parent effect of lower threshold. We suggest that
this effect or sample impurities might have been
responsible for the low threshold observed by
WM»

Figure 7 shows peakA from band V, to be 2.5 eV
below E~ with a weak shoulder A' on the high-en-
ergy side of A (at -2.0 eV). As with the high-en-
ergy EDC's, the "tailing" of the valence band
makes it difficult to determine the VBM very pre-
cisely; however, the curves in Fig. 7 still show
the VBM at least 0.7 eV below E~, and they are
consistent with the more precise determination of
-0.85 eV from the yield data. Even with the higher
resolution obtained at these energies, there still
appears to be a few tenths eV overlap of band V,
(peak A) with the top of the lower bonding band V,
(peak C).

From the shape of peak A, we have good evidence
that the valence-band maximum occurs at 1 in the
Brillouin zone rather than near a zone edge. For a
simple band, Fig. 9(a) shows the density of states
n(E) expected when the VBM is at 1'; and Fig. 9(b)
shows the case when the VBM is near the zone
edge. The similarity of the observed shape of peak
A to that of n(E) in Fig. 9(a) strongly suggests that
in MoS, the VBM is at F, as calculated by Kas-
owski" and Mattheiss'"" [Fig. 9(c)j, rather than
near a zone edge as deduced by some others. 's' '
Over a limited energy range, the shape of peak A
could be influenced by matrix-element or final DOS
effects, but the observation of the same charac-
teristic shape for all hv supports the assertion that
the shape arises from n(E) and, hence, that the

n(E)

(b)

n(E)

( c ) MATTHEISS

n(E)

FIG. 9. Density of states n(p) expected (a) for the
case of VBM at I' and (b) for VBM near a zone edge.
(c) Shows n ( L) calculated by Mattheiss.

VBM is at F.
Figure 8 shows a rapid rise in the height of peak

C near the photothreshold until it reaches a maxi-
mum for a photon energy of 9.8 eV. In this figure
the EDC's are plotted as a function of the elec-
trons' final-state energy above the vacuum level
(Ev) so that an EDC structure such as A or S which
moves directly with photon energy corresponds to
structure in the initial density of states. If peak C
were due to a high initial density of states it would
also move directly with photon energy in this plot.
Below 9.8 eV, however, peak C appears stationary
because it is partially hidden below the vacuum le-
vel and only the leading edge is visible. Above 9.8
eV the top of peak C is exposed and observed to
move with photon energy indicating a constant in-
itial-state origin over the photon energy range
9.8-10.0 eV. The fivefold increase in the height of
peak C between 9.2 and 9.8 eV is not unusual for
peaks near threshold; however, peak C decreases
almost as rapidly as the peak starts to move above
the threshold (Fig. 10). This striking rise and de-
cay of a peak in a photon energy range of about 1
eV is a strong indication that the peak corresponds
to a direct interband transition. " Figure 10 also
shows that, as the photon energy is increased fur-
ther, lower-lying structures are exposed at the
same initial-state energies where structures were
observed in the resonance lamp curves above (Fig.
5).

The data from all of the MoS, EDC's are conven-
iently summarized in the "structure plot" shown in
Fig. 11, where the initial-state energy of each
piece of structure has been plotted as a function of
photon energy. (The high-energy end of the hori-
zontal scale has been compressed to make the fig-
ure more compact. ) Different symbols are used on
the plot to roughly indicate the relative peak
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height modulation over a small photon energy range
is usually associated with a direct interband tran-
sition. " For this direct transition case the sharp
increase in peak height can occur when the valence
and conduction band are nearly parallel and a nar-
row range of photon energies can excite electrons
over a large volume of the Brillouin zone. ~

Although we have interpreted the EDC peak pos-
itions with a density-of-'states model and found the
increasing height of peak A with photon energy con-
sistent with a mainly d-like upper valence band, a
more detailed interpretation of the peak-height mo-
dulation and the direct-transition peak will require
an accurate calculation of MoS, band structure and
transition probabilities.

It has been suggested by Yoffe' that UPS data may
give ambiguous results since the electron-energy
levels near the surface can be different from the
bulk. "e" From our photoyield data and optical- ab-
sorption results, we can roughly estimate an "es-
cape depth" (equivalent to sampling depth) of only
a few angstroms —about one sandwich layer —at hv
-11 eV. This estimate is supported by angular
UPS measurements on TaSe, by Smith and Traum"
who attribute the residual threefold symmetry to
an escape depth less than two sandwich thick-
nesses. This surface selectivity of our UPS data
would be of concern except for the fact that our data
are in excellent agreement with the XPS data at
1486.6 eV,"where the "escape depth" is expected
to be much longer, ~ thereby sampling the elec-
tronic structure of at least several complete lay-
ers. If our estimate of the UPS escape length is
correct, this would imply that the electronic DOS
structure of the first layer is not too different from
the bulk structure. Williams and McEvoy" have
reached the same conclusion after noting the sim-
ilarity of electron energy-loss spectra at 100 eV

0 -6 -4 -2 0
INITIAL STATE ENERGY (ev)

FIG. 10. EDC's for photon energy 9.8-11.7 eV plotted
vs initial-state energy with all curves having the same
zero for n(E). Because these EDC's overlap, only the
important portions of some curves are shown.

heights.
With the exception of peak C, the peaks are

closely clustered about lines of constant initial-
state energy over a wide range of hv, where the
final density of states (DOS) and optical-transition
probabilities are expected to vary drastically. This
indicates that peaks other than C correspond to
structure (probably peaks) in the valence-band den
sity of states" of MoS, at —1.9, —2.5, -3.3, -5.2,
-5.9, and —7.2 eV.

The behavior of peak C requires more careful at-
tention. Above hv=11 eV, peak C is observed at a
constant initial-state energy. This persistent ap-
pearance of structure at -3.9 eV is good evidence
that a peak in the valence-band DOS exists at 3.9
eV below F~. Below hv =11 eV, the high initial-
state density (HISD) at - 3.9 eV gives rise to the
weak shoulder S (indicated by dots and crosses in
Fig. 11) and the large peak C is observed at an ap-
parent initial-state energy as low as -4.4 (when hv
=9.8 eV). Since no structure is observed at -4.4
eV with other photon energies it is unlikely that a
HISD exists there. It is equally unlikely that a high
final-state density 1 eV above threshold is com-
pletely responsible for the behavior of peak C; be-
cause, if that were the case, othe' peaks would ex-
perience enhancement at the same final-state en-
ergy. Instead, such an energy shift and dramatic

PHOTOEMISSION STUDIES OF LAYERED. . .
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and 80 keV. This possibility is not too surprising
in MoS, because of the relatively weak interlayer
interaction. Thus, our UPS location of peaks in the
valence-band density of states ought to be indicative
of the bulk DOS in 2H-MoS, .

IV. COMPARISON OF MDS2 PHOTOEMISSION DATA

WITH OTHER EXPERIMENTAL RESULTS

Although photoemission (UPS) is one of the most
useful techniques for the study of filled electronic
states, it has not been possible (in the case of
MoS, ) to extract much information on the nature of
the unfilled conduction-band states from the UPS
data alone; but, by combining the UPS data with
data from other optical methods, considerable in-
formation on these conduction-band states can be
obtained.

Soft-x-ray absorption spectroscopy (XAS), which
yields conduction-band information directly, has
been applied to MoS, by Sonntag and Brown" and by
Barinskii and Vainshtein. " Since the initial states
of XAS transitions are core levels of well-defined
atomic character, electric-dipole selection rules
can be used to estimate the relative atomic charac-
ter in final conduction-band states. One must be
cautious, however, since strong hybridization ef-
fects which have been calculated" "for MoS, would
make the symmetry of the final-state wave func-
tions more dependent on band-structure effects than

, pure atomic characters. A further caution in cor-
relating XAS features and conduction-band struc-
ture is that considerable energy shift or distortion
of the edge could be caused by excitonic effects.""
Although we will not consider these effects here,
we point out that they may invalidate conclusions
which require exact correspondence of the energies
of structures in XAS spectra with the conduction
bands.

The sulfur &zz &zzz XAS data of Sonntag and
Brown" (SB) in Fig. 12(a) show a two-peaked struc-
ture (C,„and C,s) about 4 eV wide at the absorption
edge for transitions from the sulfur 2P core levels.
(The spin-orbit splitting of the core level has been
deconvolved from this spectrum. ) The two-peak
structure is followed by a sharp rise in absorption
for higher photon energies. SB suggest that the
double-peaked structure which they observe cor-
responds to transitions into the lower conduction
band C, (see Fig. 1). This band is predicted to be
"Mo.d-like" in most MoS, band models and calcu-
lations ' ' ~ ' but this band has some sul-
fur s or Mo P character for the structure to
appear in the sulfur Lzz „,edge. The sharp rise in
absorption which SB observe about 5 eV above the
edge corresponds to transitions into the upper con-
duction-band states C,. The transition energy lo-

I I I I I I I I

Cll

I—
V)z'
LLI

ID

cf

I—
Q
O

I I I

0 2 4
I I I I I

6 8 IO j2 (4

PHOTON ENERGY ABOVE EDGE (eVj

FIG. 12. Comparison of x-ray absorption edges in

MoS2. (a) Sulfur L «z-edge data of Sonntag and Brown.

Q) Molybdenu~ L», edge of Barinskii and Vainshtein.

cates the bottom of the C., band near the vacuum
level reported in this work. The strength of the
transitions into C, is consistent with a predominant
sulfur s character in C„as predicted by most mo-

1~3 8, 10~14 16

Barinskii and Vainshtein" have reported a some-
what similar absorption-edge structure (although

they observed a narrower unresolved peak corres-
ponding to C,) even though they were looking at
transitions from P states on the Mo atoms [Fig.
12(b)]. One would expect transitions from the Mo

P states to the "d like conduction bands" (C,), but

the relatively strong transitions to C, indicate that
the conduction-band states in C, must include con-
siderable admixture of Mo 5s or 4d character in

addition to the predominant sulfur s character sur-
gested by the data of SB.~' The mainly sulfur s
character of C, would also be consistent with the
strong "direct-transition" peak we observed in our

UPS data from mainly sulfur p-like V., to C., One

important conclusion from the XAS data niust be
that the conduction bands (and therefore. probably.
the valence bands) are strongly hybridized. niakin„'

it difficult to assign optical transitions usin„' sini-
ple atomic-orbital models and atomic selection
rules.

Since MoS, is a semiconductor, the filled st;&tv~

(observed by photoemission) and the empty states
(observed by XAS) are separated by a lar 'c band

gap rather than being continuous across the Fabri»i

level (E~) as in a, metal. Therefore, it is impor-
tant to have optical-absorption data n(bi~) in ihc 1—
12-eV range to find the energy separation of thc e~-
perimentally observed filled and unfilled states so
that a complete electronic-structure model can be
formulated. As indicated above, one must be cau-
tious when using the optical-absorption data to con-
nect the UPS and XAS data since exciton effects in
the XAS can shift the apparent absorption edge by
as much as l eV. Thus, correspondence of struc-
tures well above the absorption edge is more mean-
ingful than at the edge itself. Since no optical-ab-
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sorption data on MoS, have been published for pho-
ton energies above 4 eV, ref lectivity measurements
must be used to calculate o.'(hv) from the Kramers-
Kronig (KK) relations. " Fortunately, various mea-
surements of the near-normal-incidence optical re-
flectivity R(hv) for MoS, have been published, """
one for photon energies up to -70 eV." The KK
calculation was performed using a computer pro-
gram which has been described by Bauer. " We
chose what appeared to be the most reliable data
in each range of photon energy and combined them
into a composite R(hv) curve from 0 to 70 eV. The
synchrotron-radiation data of Leveque et al."were
chosen for the 15-70-eV range, and the data of
Liang" were chosen for the 4-12-eV range. The
data of Liang" and the data of Leveque et al."a-
greed almost exactly when each was smoothly ex-
trapolated into the 12-15-eV region. In the range
1.5—4 eV, the room-temperature data of Sobolev"
were used, but they were scaled up by a factor of
1.8 so that they would match Liang's data in the 4.0
+0.3-eV overlap region. Below 1.5 eV the reflec-
tivity was extrapolated smoothly to 32% at hv =0 as
estimated from the dielectric constant. [A plot of
the composite R(hv) used for our KK calculation is
shown in Fig. 13.] Since it was found that the re-
sults of the KK calculation above 4 eV were
changed only slightly (changes in o, of 2%) for any
reasonable fitting of the data below 3 eV, our cal-
culated values for n above 4 eV are probably ac-
curate to a few percent (assuming, of course, that
the data of Liang, and Leveque et al. are exact).
Below 4 eV, however, our calculated n is uncer-
tain to "'+50'fo, and it agrees only qualitatively with
direct measurements of n in the range -2-4 eV. 's"

Figure 14 shows the optical absorption n(hv) be-
tween 0 and 12 eV as calculated by the Kramers-
Kronig program. " The most noticeable feature of
the absorption is the sharp dip in n at 9 eV fol-
lowed by a sharp rise to 10 eV. This sharp rise
(labeled 5 in Fig. 14) occurs at the same photon en-
ergy as the sharp rise in the yield reported above
in Sec. III, where we have argued that this is the
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FIG. 14. Optical absorption n(hv) of MoS2 calculated
from reQectivity (Fig. 13) using Kramers-Kronig rela-
tions.

onset of transitions from the lower valence band
(V, in Fig. 1, peak C in the EDC's) to states C,
near the vacuum level about 5 or 6 eV above E~.
P'eak 1 between 2.5 and 3.5 eV is assigned to tran-
sitions from the upper filled band V, (peak A in the
EDC's) to the bottom of the conduction band C,„
(Fig. 12). Peak 2 has contributions from both VB
peak A to C» and VB peak C to Cgg Peak 3 then
corresponds to transitions from peak C to C» and
peaks D and E to C». And, finally, peak 4 results
from. transitions from D and E to Cgg and F to Clg.
These assignments are different from those sug-
gested by some other groups. ' "

The dip in e at about 9 eV has been previously
assigned to a plasmon. " Indeed, the energy loss
function -Im(e ') computed from the KK relations,
shoWs a plasmon-loss peak at 8.7 eV, in good
agreement with the loss function determined by
electron-energy-loss spectroscopy (ELS) measure-
ments taken with the transferred wave vector q
perpendicular to the c axis."

We have used the KK program to compute &„ the
imaginary part of the dielectric constant of MoS, .
Figure 15 shows c, (solid line) computed by our KK
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FIG. 13. Composite reflectivity for MoS2 used in
Kramers-Kronig analysis. The various data sources
are given in the text.
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FIG. 15. Comparison of q2 computed from P (solid
line) with q 2 computed from ELS (dashed line).
Although the ELS shows less resolution, the overall
features are in remarkable agreement.
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program to be in remarkable agreement with E,
computed from ELS data (dashed)" with q&c (ex-
cept that the ELS data are not as high resolution
as the optical data). Since ELS data and the optical
data agree so well for the case of light polarized-
perpendicular to the c axis, it reassures the use of
ELS data with q parallel to c (Ref. 50) to obtain the
optical constants over a wide range for the case of
light polarized Parallel to the c axis, which has
been unobtainable in any energy range because of
the thinness of available MoS, crystals. High-re-
solution ELS data can lead to the availability of op-
tical constants for both polarizations, which will,
in the future, greatly aid the interpretation of op-
tical-absorption data in terms of detailed band
structure.

Having presented our UPS data and expanded on
the published optical data, we are in a position to
use these data to construct an experimental elec-
tronic structure model for 2H-MoS, . This model
will be discussed in Sec. V.

VBM-

&)a

V,
L--

d-p

Vp

(WY)

= .(E)
MS

BMY

FIG. 16. Experimental band model derived from the
present work (MS) compared with the Wilson- Yoffe
model and a semiempirical calculation based on WY by
Bromley, Murray, and Yoffe (BMY).

V. MoS2 CONCLUSIONS

Figure 16 shows our band model (labeled MS) for
MoS, . We have taken the zero of the energy scale
to be at our best estimate of the valence-band max-
imum. Although the valence-band density of states
plot in the figure is only schematic, the peaks in
the plot probably correspond to peaks in the DOS.

The peak heights are not to scale and are only es-
timates based on the average relative EDC peal l~
heights over the range of photon energies studied.
More accurate determination of valence-band DOS
peak heights cannot be made without knowledge of
transition-matrix elements from a detailed elec-
tronic- structure calculation.

The conduction-band structure is even more un-
certain in both relative peak heights and absolute
energy position. The model for the conduction-
band DOS relies heavily on the XAS data. " Our
photoemission data support the existence of a high
density of conduction-band states just above the
vacuum level, but no other conduction-band fea-
tures could be established from trends in EDC peak
heights as a function of final-state energy. The ab-
solute energy of the conduction-band minimum is
determined by correlating valence- and conduction-
band DOS peaks (from photoemission and XAS, re-
spectively, ) with peaks in the optical-absorption
data. The resultant band gap is close to the 1.35-
eV gap reported by Huisman et al.'

Unfortunately, no complete DOS calculations are
available in the literature for comparison with our
experimental DOS. We wi11, however, compare
our band model with the Wilson- Yoffe' model and
models adapted from some of the more recent band
calculations. Since none of the calculations is in
good agreement with all aspects of our experi-
mental model, we cannot single out a "correct"
calculation. Instead, we will discuss similarities
of each calculation with an eye toward understand-
ing how differences arise between the calculations
and experiment. Since all the models fit the sini-
ilar arrangement of a two-part valence band and a
two-part conduction band, we shall use the labelin'
scheme of Fig. 1 when discussing the niociels.

The original Wilson-Yoffe model' (WY) and the
semiempirical calculation of Bromley, Murray,
and Yoffe' (BMY) are included in Fi'. 16 for com-
parison with our experimental model. The DMY
calculation fits a tight-binding approzini~tion to the
semiconducting gap energy and the l'. , to C, „tr;in-
sition energy of the WY model by adjustin. ' the
tight-binding matrix elements with a set of reduc-
tion parameters. This accounts for the enact
agreement of these energies in the two models.
Before the availability of MoS, photoemission data
it was reasonable to fit a calculation to the WY mo-
del since that model could explain many of the
trends in TX, optical data. However, the unusually
large reduction f'actor corrections required to ef-
fect the fit should have been a clue that the WY mo-

.del might not be correct. We note, however, that
the V, and C, bandwidths of the BMY "calculation"
are close to the experimental observations. An-
other semiempirical calculation by Edmondson' is
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ligand-field splitting. A more thorough comparison
of these calculations with experiment is almost im-
possible without detailed computation of the density
of states and matrix elements.

Another approach toward an understanding of
MoS, energy levels might be a molecular-orbital
calculation of the type successfully applied to an-
alysis of TiS, by Fischer. " Although molecular-
orbital calculations may have trouble reproducing
features such as the hybridization gap, they may be
useful in determining the origin of IX)S peaks in
angle-integrated photoemission data and XAS data.

Our experimental band model has been shown to
be representative of the bulk electronic structure
of 2H MoS, w-ithin the limitations discussed above.
Two controversial aspects of MoS, have been un-
ambiguously determined; namely, the large (& 1-
eV) band gap and the overlap of the V, and V,
bands. Our location of peaks in the valence-band
density of states, the dependence of peak heights
on photon energy, and the behavior of peak C ought

FIG. 17. Comparison of MS model with "first-princi-
ples" calculations by Mattheiss (M) and Kasowski (K).

to provide a sensitive test for a detailed calculation
of bulk DOS and optical-transition probabilities for
2B-MoS, .

similar in method and results to that of BMY.'
In Fig. 17 our model (MS) is compared to the

"first-princip1es" calculations of Mattheiss'~ "and
Kasowski. " Both of these calculations use the
same atomic potentials, however, Kasowski's lin-
ear-combination-of-muffin-tin-orbitals meth-
od can include much more of the nonspherical
part of the potential than Mattheiss's augmented-
plane-wave (APW) calculations. It is encouraging
that the essential features of these a primi calcu-
lations are in agreement with our experimental mo-
del. The differences are apparently due to yecul-
iarities of the two ca1culations.

Kasowski's calculation agrees well with our
photoemission data near the band gap (i.e. , the d-
band manifold); however, his V, valence band ex-
tends to lower energy than in the yhotoemission.
This low-energy part of V, is in the M to L region
of the Brillouin zone, where the V, band also ex-
tends to much lower energy than photoemission
suggests. These effects may be due to a system-
atic feature of Kascowski's calculation. " Although
Mattheiss calculates too narrow a V, band, which
does not overlap the V, band, he attributes this to
the fact that- the APW method'is less reliable in
predicting relative energies of d and s-P bands. "

Perhaps the most valuable contribution of Matt-
heiss's payers'"" was his linear-combination-of-
atomic-orbitals investigation of the d-band mani-
fold. His calculations showed for the first time
that the large band gap was primarily due to a
strong hybridization of the Mo d bands and not the

APPENDIX: EFFECTS OF SURFACE CLEANLINESS

ON PHOTOEMISSN)N RESULTS FROM MOS2

Since the cleaved MoS, surface is extremely in-
ert, it has often been assumed that no specia1 pre-
cautions need to be taken when preparing an Mo8,
sample for photoemission experiments. In this ap-
pendix we present photoemission data at 21.2 and
40.8 eV taken on MoS, samples with surfaces pre-
yared in various ways. Our results wi11 be com-
pared with other data on Mo8, surface contamin-
ation reported in the literature.

For an investigation of the adsorption of gases on
an MoS, substrate" "it was desired to have a, sim-
ple method of repeatedly preparing a fresh atom-
ically clean MoS, surface without the necessity of
breaking vacuum, as was required with the cleav-
ing method. Since heating in ultrahigh vacuum has
been used successfully in many other cases to pre-
pare atomically clean surfaces, this method was
tried first.

The large MoS, natural single crystals were first
ultrasonically degreased in successive baths of tri-
chloroethylene, acetone, and methanol. After re-
moving them from the methanol, they were blown
dry with dry nitrogen and kept for several days in
a dry nitrogen atmosyhere at 100'C. Immediately
prior to pumping down the vacuum, the samples
were cut with a sharp razor blade to fit the samyle
holder and then cleaved with a piece of cellophane
tape to expose a fresh surface. Within five minutes
of cleaving, the pressure in the chamber was re-
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FIG. 18. Comparison of EDC's at 21.2 and 40.8 eV
on samples of MoS2 in various stages of cleanliness.

duced to approximately 10 ' Torr. In approximately
2 h the pressure was reduced to 10"' Torr, and
photoelectron energy-distribution curves could be
measured. The EDC's at 10-' Torr were almost
completely smeared out from those observed on
samples cleaved in UHV. Furthermore, the num-
ber of secondary photoelectrons emitted was about
three lines larger than in the cleaved samples.
Surprisingly, as the chamber was pumped to lower
pressures, the EDC's sharpened significantly, and
the number of secondary electrons was reduced.
Obviously, some of the surface contaminants are
so weakly bound that they desorb in vacuum even at
room temperatures. Typically, the small photo-
emission chamber was pumped to about 5 x 10 "
Torr in 5-6 h, at which time the general peaks in
the EDC's could be discerned. Figure 18 shows
such EDC's (labeled AIR CLEAVE) taken with pho-
ton energies of 21.2 and 40.8 eV.

As the samples were heated to increasingly high-
er temperatures (and cooled to room temperature
before measurements), the EDC's were observed
to sharpen. In Fig. 18 the 21.2-eV EDC from a
sample heat-cleaned for a few minutes at 300'C is
clearly sharper than the air-cleaved sample at the
same photon energy. After many trials, it was

found that heat-cleaning at 400 to 450 C for a per-
iod of 6 h yielded EDC 's essentially identical to
EDC's from samples cleaved in UHV. Fig. 18
clearly shnws the sharper, more detailed structure
indicative of an atomically clean surface.

We should point out that cleaving in vacuum is not
a foolproof technique. Figure 18 includes a 40.8-
eV EDC taken by Williams and Shepherd" on a
sample which they cleaved in UHV. By comparison
with the other curves in Fig. 18, it appears that
their sample was not completely clean. This could
easily occur from only part of the illuminated area
of the sample being peeled away during the cleaving
process; or the sample may have cleaved along a
region where impurities were included between the
MoS, layers.

Wertheim et al."have observed sharp EDC's
from air-cleaved MoS, samples at 1486.6 eV. This
is possible because of the much greater escape
depth for electrons with -1400-eV kinetic energy.
At 21.2 and 40.8 eV the primary photoelectrons
have escape depths on the order of one sandwich
thickness, so even a small amount of surface con-
tamination results in a large percentage effect on
the EDC's. With -1400-eV kinetic energy, elec-
trons are expected to have much greater escape
lengths —perhaps as much as 50-100A." In that
case even a full monolayer of contamination contri-
butes only a small percentage of the total photo-
emission, and so it has little effect on the observed
EDC.

Attempts to observe surface contamination on
MoS, using Auger-electron spectroscopy (AES) us-
ually indicate no N„O„or C even on air-cleaved
samples. "s" The most likely reason for this is
that the incident electron beam necessary to e~citt.'
the Auger transitions also desorbs niost of the con-
taminants before a spectrum can be taken. Perhaps
the most promising method for studyin MoS., sur-
face contamination is to use synchrotron radiation
to excite core electrons from contaniinaats. By
proper choice of photon ener 'y, this technique can
be highly surface sensitive (escaye depth -1 sand-
wich thickness), while at the same time causin'
far less desorption of contaniinmts than an elec-
tron-beam probe.
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