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The valence and conduction bands of GaSe, GaS, and InSe have been studied with several synchrotron-

radiation photoelectron-spectroscopy techniques. Energy distribution curves (EDC's) in the photon energy

range 16-36 eV show four main valence-band density of states features between the top of the valence band

and the cation d core levels. The nature of these features is discussed in terms of the two kinds of intralayer

chemical bonds, cation-cation bonds and anion-cation bonds. Photon polarization effects show that the top of
the valence band has a p, -like character and this character extends to lower energies for GaS than for GaSe

and InSe. Photon-energy effects reveal a fine structure of most valence-band features which is particularly

pronounced for InSe. Constant-initial-state (CIS) spectra have been taken employing several EDC peaks as

initial states. Most of the CIS data can be straightforwardly interpreted in terms of the conduction-band

density of states. Good agreement is found with pseudopotential band-structure calculations for GaSe and a

direct interpretation is derived for the observed features in the reflectivity spectra.

The recent introduction of storage rings as ultra-
violet photon sources has considerably expanded
the information that photoemission spectroscopy
can provide. ' The number of photoelectrons emit-
ted per unit time within a small solid angle and a
small energy range is a function of many vari-
ables, such as electron kinetic energy (E), @-
vector direction, ' electron-spin polarization, '
photon energy (5'ap), direction of incidence, ~ and
photon polarization. " In most previous experi-
ments, limitations of the photon source have con-
fined the experiments to the electron-energy de-
pendence. This situation is now changing and many
new photoemission-spectroscopy techniques have
been introduced' ' that go beyond the traditional
energy distribution curves (EDC's). Photon-ener-
gy and polarization effects of the EDC's" provide
information on the optical transition probability
and the electronic state symmetry. A more com-
plete picture of the valence-band density of states
is obtained in this way. Constant-initial-state
(CIS) spectra' reveal the conduction-band density
of states features above the vacuum level by syn-
chronously varying the photon energy and electron
energy. Using both EDC and CIS techniques one
can obtain extensive information on the electronic
properties of solids and solid surfaces for energies
above and below the Fermi level.

Semiconducting III-VI compounds offer many ad-
vantages for such an investigation. Their layered
structure confines the study to two-dimensional
k-vector and real spaces to a first approxima-
tion thus simplifying both theory and experi-
ment. The electronic properties are described
equally well in terms of bands or chemical bonds.
Optical data are available over a large spectral

region for some of the compounds. "" These
optical data connect the two energy regions that
we have studied with photoemission techniques,
i.e., below the Fermi energy and above the vacuum
level. The present investigation has been extended
to three materials: GaSe, GaS, and InSe. The
structure of a layer (see Fig. l) is the same for all
of them and consists of four sheets of hexagonal-
close-packed atoms with anion sheets on the out-
side of the layer and cation sheets inside. The
number of filled bands per layer is relatively
large and this makes the band-structure picture
more complicated than a chemical-bond descrip-
tion of electronic structure since there are only
t|vo kinds of intralayer bonds (cation-cation bond
and anion-cation bond). The Briilouin zone (Fig. 2)
has a hexagonal two-dimensional projection and the
nearest-neighbor atomic configuration is trigonal.
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FIG. 1. Lattice structure of GaSe, GaS, and InSe.
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FIG. 2. Three-dimensional Brillouin zone of GaSe,
GaS, and InSe.

Only minor differences among the results for dif-
ferent materials were expected a Priori because
the crystal structure is similar for all of them
even if there are differences in the stacking geom-
etry. Nevertheless we find that some experimental
differences are quite marked and follow in differ-
ent materials the same trend as other physical
properties such as the interband transition ener-
gies.

Details of the experimental procedure are given
in Sec. II. The experimental results are reported
and discussed in Secs. III and IV which deal with
polarization-dependent EDC's and CIS spectra,
respectively. In these sections, our results are
compared with information from other sources
such as theory" "and optical spectroscopy. ""
We anticipate that some of our results can be
understood on the basis of recent pseudopotential
band-structure calculations, "but most of them
are still beyond the available theoretical data.
Such is the case for example of the angle-depen-
dent InSe spectral fine structure that mill consti-
tute a severe k-dependence test of future theoreti-
cal mave functions. In Sec. V, general conclusions
and comments are reported.
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FIG. 3. Uppers half: schematic of the experimental
chamber. Lovey pgglf, 'left: configuration for p-polar-
ized photons. Lourer half, right: configuration for s-
polarized photons. The collection geometry and the
angle of incidence are the same for both configurations.
The differentially pumped rotatable joint (see upper
half of the figure) connects the sample chamber to the
monochromator. This allows switching between the
two configurations without breaking the ultrahigh va-
cuum.

II. EXPERIMENTAL PROCEDURES

The experimental procedure consisted of taking
EDC's at several photon energies and CIS data for
several initial-state energies on the clear surface
of a cleaved sample under ultrahigh vacuum con-
ditions. The EDC's and the CIS curves were taken
for tmo different photon polarizations mithout
changing the collection geometry in order to avoid
spurious geometrical effects.

The experimental work has been performed at
the University of Wisconsin Storage Ring. 'Ihe
beam line was equipped with a bakeable vertical
Seya-Namioka monochromator and several hori-
zontal reflections in the optical system raised the
synchrotron radiation polarization factor to &98%.
The exit slit of the monochromator was connected
to the experimental chamber through a differen-
tially pumped rotatable joint (see Fig. 8: upper
half). This allowed one to rotate the entire experi-

mental chamber by 90 around the beam line with-
out breaking the ultrahigh vacuum. During the ro-
tation the rise in pressure mas below a factor of 4
from the base value -5x10 ' Torr. The purpose
of this rotation mas to switch from one to the other
of the two configurations illustrated by the lower
half of Fig. 3. For both configurations the beam
line and the axis of the cylindrical-mirror elec-
tron-energy analyzer (CMA) were perpendicular
to each other and the sample normal was at 45'
with respect to both of them. In this way, the
photon polarization changed with the configuration,
but the collection geometry was the same for both
configurations since sample and CMA were rigidly
connected to each other. The electric vector was
parallel to the plane of incidence (p polarization)
in the left configuration of Fig. 3 and perpendicular
(s polarization) in the right one. The above pro-



G ~ MARGARITONDO, J. E. ROWE, AND S. B. CHRISTMAN

cedure enabled us to separate ~eal photon polariza-
tion effects from spurious geometrical effects.
This would have not been achieved while simply
rotating only the sample since strong photoemis-
sion angular effects have been observed for these
materials. ""

The surfaces of the samples cleaved under UHV

conditions were fairly stable and the experimental
results did not change over a period of several
days under the best pressure conditions. As above
mentioned, we have explored the dependence of the
photoemission intensity on several variables. In
our angle-integrated collection geometry once one
of the configurations of Fig. 3 has been selected
one can regard the number of collected photo-
electrons, N, as a function of E and S(d. The
functional surface N =N(E, h&u) can be swept in an
infinite number of different ways. We chose to
sweep it either along a line h~ = const (EDC mode)
or along a line E -h~ =E, = const (CIS mode). "
In the first mode, EDC's were recorded for sev-
eral photon energies in the range S~ =16-36 eV.
Peaks in these spectra could be correlated with
the valence-band density of states and the basic
spectral shape almost completely converged to-
wards the density-of-states limit at high photon
energies S~&28 eV. In the second mode, we ex-
pected the spectral features to be mostly related
to the final state of the optical transition. Indeed,
the initial-state energy is constant and equal to
the selected E,. for each CIS spectrum unless
Auger processes or direct recombination pro-
cesses take place. ' Moreover the initial state
energy E, was selected to coincide with one of
the EDC peaks. This corresponds to a flat energy
versus k-space dispersion of the initial state, i.e.,
V-I;, =0. Thus, the energy distribution of the joint
density of states is large and does not depend too
much on the initial state. From the experimental
point of view, the CIS mode required the stepping
motor moving the Seya-Namioka monochromator.
grating to be driven by a pulse generator. The
monochromator had an analog wavelength output
which was digitally processed to obtain an analog
CMA control signal which is proportional to E,.
+8Q).

A third geometry not appearing in Fig. 3 has been
used to study collection geometry effects on the
spectra. This geometry is shown in the inset of
Fig. 8 and consisted of having the beam line per-
pendicular to the CMA axis and to the sample sur-
face. The azimuthal angle p could be varied by
rotating the sample around its normal. We point
out that in this case as well as for the s configur-
ation of Fig. 3 the electric vector of the radiation
had no comPonents Pe~endicula~ to the samPle
surface (i.e. , E, =0).
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FIG. 4. Combining EDC and CIS modes allows the
study of both valence and conduction bands. Both spec-
tra are for InSe and P-polarized photons. EDC taken at
@~=28 eV. CIS spectrum has peak E in the EDC for
initial state. The structure labeling is explained in the
text.

III. ENERGY DISTRIBUTION CURVES AND PHOTON
POLARIZATION EFFECTS

e aim of this article is to provide a picture of
the electronic states of GaSe, GaS, and InSe over
a large energy range as schematically illustrated
by Fig. 4. Here the valence band is represented
in first approximation by an EDC taken at h~ =28
eV and the conduction band by a CIS spectrum
having peak E in the EDC for initial state. In the
present section, we shall discuss in detail the
EDC's while CIS data will be analyzed in Sec. IV.
We shall see that the four main EDC features are
closely related to the valence-band density of
states and that a p, -like character is exhibited by
the top of the valence band over an energy region
whose extension depends on the energy gap and
lattice constant of the material. A fine structure
which is not yet clearly understood was observed
for several spectral peaks and will be discussed
at the end of this section.

Although EDC's similar to that of Fig. 4 have
been published by several authors for GaSe, '"
the large number of spectral features and their
closeness in energy has caused some controversy
about a detailed identification. We would like to
show that this controversy can be resolved at
least in part by studying photon energy and polari-
zation effects on the EDC's and that more infor-
mation can be obtained by comparing the results
for several different III-VI compounds than by
studying only a single material. The atomic or-
bitals contributing to the valence band are 4s and

4p from Ga, 5s and 5p from In, 4s and 4p from
Se, and 3s and 3p from S. The anion s levels
are confined at rather low energies and appear as
a weak broad band at -10-14 eV from the top of the
valence band E„in some of the EDC's. ' The



SYNCHROTRON RADIATION PHOTOEMISSION SPECTROSCOPY. . ~

remaining orbitals occur in the energy range from
the top of the valence band down to 8-10 eV from
E„." The p-Like cation and anion orbitals are
expected at higher energies than the cation s or-
bitals. The theory ' indicates that the latter
should give several density-of-states peaks with
bonding and antibonding Ga-Ga character, respec-
tively. These two peaks are expected at 3-8 eV
from g„.The p-like orbitals are in the top of the
valence bands and participate to both kinds of
bonds. In this energy region, photon polarization
effects are most helpful to identify the orbital
symmetry.

Figure 5 reports GaSe EDC's taken at h~ =20,
24, 28, and 32 eV for both polarizations. The
labeling of the structure is that most widely em-
ployed in the literature. ' The energy position
of peaks g and Q does not change with hw. Some
dispersion is observed for peaks g and F.. The
A. & =24 eV, p-polarization EDC clearly shows a
doublet fine structure of peak g. In the other
spectra the relative weight of the bvo components
of this doublet explains the shift of peak B center
of gravity with S~. This effect is also present
in the s-polarization EDC's where the high-energy
component of peak B is in general weaker than for
p-polarization. Comparison of s- and p-polari-
zation EDC's of Fig. 5 clearly shows that a much
stronger polarization effect is present for peak A.
Quantitative understanding of this effect would
require a detailed calculation of the transition
probabilities, i.e., a good knowledge of the initial-
and final-state wave functions. The present the-
oretical knowledge of the conduction-band wave
functions is not good enough for this. However,
the remarkable strength of the observed polari-
zation effects allows identification of the initial-
state symmetry from the following qualitative
arguments. As already mentioned, mostly p-Like
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FIG. 5. GaSe EDC's taken at four photon energies
(h~ = 20, 24, 28, and 32 eV) and with both polar izations.
Spectra normalized to the photon flux.

orbitals are expected in the energy region of peak
Thus, the final state of the optical tran-

sition can be either s- or d-like. In the s con-
figuration of Fig. 3, one has E, =0 and dipole tran-
sitions to an s-Like final state are only allowed
from p„,p, initial states. Thus, peak A. originates
from p, -like initial states if the final state is s-
like. The situation is more complicated for d-like
final states. No strong polarization effects are ex-
pected in this case unless the final state only con-
tains one particular kind of d orbitals. The ob-
served polarization effects could correspond in the
latter case either to a marked p, or to a marked

p„,p, initial-state character for d,2 and d„„d„
final states, respectively. The second of these
bvo interpretations is weak since all calculations
predict the p, -like states at higher energies than
the p„,p, ones. ' "" Moreover the observed po-
larization effect is qualitatively constant over the
range h& =18-36 eV. Prevalence over such a wide
energy region of a peculiar kind of d orbital in the
final state is unrealistic. Thus, the conclusion
that for peak 4 the initial state has prevalent p, -
like character appears independent of the final-
state character. The above analysis is of course
a first approximation since here we are dealing
with bands rather than atomic orbitals. Moreover
the possible rapid space variations of the local
electric field can reduce the validity of the dipole
approximation. The removal of all these approxi-
mation would zoeaken the above selection rules.
This explains why peak A. does not completely
disappear in the s configuration, but the polari-
zation effect for peak g is still so strong that the
above analysis is basically correct. A p, -like
character of the top of the valence band is in
agreement with angle-dependent x-ray-photo-
emission-spectroscopy results" and with the-
oretical predictions. Peak & is essentially
bonding Ga-Ga states containing Ga p, orbitals
mixed with some nonbonding Se p, orbitals (w

bands). 'ihese bonding states and the correspond-
ing Ga-Ga antibonding ones form the GaSe energy
gap. The identification of the p, character of peak
A makes analyzing the remainder of the valence
band easier. Both the energy position and the in-
tensity of peak jg confirm the theoretical identifi-
cation" "of p„p„statesof the Ga-Se bond. How-
ever, its polarization-dependent doublet structure
indicate that some p, character is also present
and decreases at larger binding energies. The
nature of peak g is rather controversial. The
theory predicts the states responsible for peak B
to also give a second feature at slightly larger
binding energies, "but the theoretical energy sep-
aration between this feature and peak gg is smaller
than the experimental separation between peaks
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FIG. 6. GaS EDC s. Normalization as for Fig. 5.

g and C. The gap present in the spectra between
yeaks F. and C would suggest that these are the
above mentioned Ga-Ga bonding and antibonding

states containing Ga s orbitals. "' Recent polar-
angle resolved photoemission data solve this con-
troversy20 "in the following way. In an angular-
integrated geometry we mostly collect electrons
with large polar angles, i.e., whose initial and

final states are far from the I point in the two-
dimensional reduced zone. The experimental band
structure" obtained from angle-resolved UPS
clearly show that in these k-space regions peaks
8 and C have similar nature while the opposite
is true close to the I' point. Thus, in our spectra
peak C mostly originates from p„,p„states in the
Ga-Se bond while peak E must be identified as due

to states with antibonding Ga-Ga character. Its
bonding partner is also observed at lower energies
in the angle-resolved spectra, "but the two peaks
are not resolved in our angle-integrated spectra.
Between these peaks and the anion s-states another
peak (I") whose origin is not clear is present in

some cases.
The GaS EDC's of Fig. 6 show that the simil-

arities between different III-VI compound with the
same crystal structure are not as extended as one
could expect. The general spectral sequence of the
valence-band features is the same for GaS as for
GaSe, but peaks g and g are now both polarization
dependent. The weak p, -like contribution found
in peak g for GaSe is thus enhanced for GaS. Also,
we observe that the doublet fine structure of peak
g is now almost absent although one still observes
some of the S~ dispersion it causes.

The InSe EDC's of Fig. 7 also show a general
similarity with GaSe, but differences are present
in the opposite sense with respect to those found
between GaSe and GaS. The polarization effect for
peak B is at least as weak for InSe as for GaSe and
that for peak A is more pronounced. Thus the p, -
like character is confined at higher energies for
InSe than for GaSe. The doublet fine structure of
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FIG. 7. InSe EDC's. Normalization as for Fig. 5.
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FIG. 8. The InSe EDC fine structure is emphasized by
the collection geometry shown in the inset. I eft: the
5~=28 eV EDC taken in this geometry, shown as a
solid line is compared to the ha=32 eV EDC taken with
the p configuration of Fig. 3, shown as a dashed line.
Right: &~ dependence of the peak E fine structure
observed for EnSe in the p configuration of Fig. 3. These
spectra have been vertically shifted for clarity.

peak J3 is more pronounced than for GaSe and so
is its dependence on photon energy and polariza-
tion. A doublet character is also observed for
peaks F. and g. Both components of peak g doublet
are yresent in the Sw = 32 eV, p-polarization spec-
trum of Fig. 7 and either one or the other of the
two components of the doublet prevails in each of
the remaining spectra. The I& dependence of peak
E fine structure is shown in the right-hand side of
Fig. 8. The complete intensity reversal between
the two components while 5& increases is probably
due to matrix-element effects since we shall see
that the conduction-band density of states has a
rather smooth energy deyendence at these values
of hw. For peak C, a doublet character is indi-
cated by its large dispersion with k+ in the spec-
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TABLE I. Average valence band structure positions.

Peakb GaSe GaS

A
B(, B~

E E
F
d-core level
cation doublet

1.3-1.4
3.5, 3.0
4.6
7.2-7.4
9.3-9.5

18.8

1.0
3.2
4 4
6.9
7.8-8.2

18.8

1.2-1.5
3.0-3.2, 2.2-2.4
(4.7), 4.1, 3.5
6.5-6.7, 4.8-6.0
9.0

16.9, 17.7

All energies in eV, measured from E„.The uncer-
tainty is + 0.2 eV unless it has been increased by h~
dispersion, in which case an energy range is given
rather than a point.

Notice that the fine structure of peaks B, C, E and
of the d-core level is only resolved for InSe and in the
case of peak B for GaSe.

hanced spin-orbit splitting of Se 4p and In 5p
since the atomic splittings are 0.37 and 0.27 eV,
respectively. This would explain the smaller split-
ting for Ga compounds since the atomic Ga 4p
splitting is 0.12 eV. A spin-orbit splitting cannot
easily explain the fine structure of peak p which
at least for GaSe mostly contain s-like states and

for peak E a crystal-field splitting is probably
present. We point out that the results of Fig. 8
(see left) indicate that the reproduction of the ob-
served fine structure by future theoretical cal-
culations will critically depend on the way the
Brillouin zone will be sampled. Thus the fine
structure should become, in the future, a sensi-
tive probe for the k dependence of theoretical wave
functions.

tra of Fig. 7. The fine structure of the InSe EDC's
features is much more pronounced in the spectra
taken with the third experimental geometry de-
scribed at the end of experimental section and
shown by the inset of Fig. 8. One of these spectra
is reported in Fig. 8 (seethe left-hand side: solid
line). Comparison of different spectra shows that
three different structures are present in the C-
yeak region. Two of them, C, and C„appear in
Fig. 8 while the third one C, appears at slightly
lower energy --4.7 eV in the 5& =28 eV spectra
of Fig. 7.

Table I summarizes the energy position of the
valence-band density-of-states structures for the
three samples. We have seen that pronounced dif-
ferences are found among the results for different
materials even if the energy positions of Table I
are quite similar. These differences follow the
same trend of other physical properties. The
interband optical-transition energies pp Qy p3
increase in the sequence InSe, GaSe, GaS while
the cation-anion bond length decreases. '4 In this
same sequence, the polarization effects are less
confined to a region close to g„and the fine struc-
ture of the peaks is less pronounced and less k(d-
dependent. The differences among the materials
appear related to the length of the cation-anion
bond. A relation to the cation-cation bond is less
direct since this bond is anomalously large for
InSe and it has been suggested24 that this is in-
directly due to the charge tr'ansfer between In and
Se. Considering the nature of peaks g and g a
relation with the Ga-Se bond is quite understand-
able for all the differences we find among the
materials, but for the pronounced fine structure
of peak E in InSe. This suggests that the observed
fine structure has different origin for different
peaks. The 0.4-0.8 eV energy splitting of peak &
for InSe can be compatible with a solid-state-en-

IV. CONDUCTION BAND SPECTRA

A detailed analysis of several different CIS
curves shows that at least four main structures
are present for all the three materials in the con-
duction-band density-of-states region above the
vacuum level and up to -16 eV above E„.Several
more structures are found only for some of the
materials. The results are in good agreement
with theory and optical data.

The CIS data we obtain show that the OI-VI ma-
terials we study are almost ideal for this tech-
nique. As discussed in Sec. II we expect our ex-
perimental procedure to emphasize the final state
effects in the CIS spectra. The nature of CIS
spectral structures can be checked a Posteriori
since the final-state-related features must be at
constant electron kinetic energy in different spec-
tra rather than at constant photon energy. ' Indeed
this is what we find for the majority of the spec-
tral features. %he conduction-band density of
states of these materials appears particularly rich
in structure. The theory'2 "shows that for GaSe
the conduction band has molecular character at
least up to 10-14 eV above E,. The wave functions
are localized in space and this corresponds to
more structure in the conduction band density of
states than for group IV or III-VI semiconductors.
Analyzing the experimental data in terms of the
final density of states is of course an approxima-
tion. As we shall see below, this does not affect
too much the determination of the position in en-
ergy of conduction-band features. Some caution
must be used while analyzing the intensity of the
spectral features since in the low-photon-energy
region the intensity is influenced by the secondary
electrons' background and by the increase of the
oscillator strength while S~ decreases. Therefore
comparing the relative intensity of different low-
photon-energy features is not too meaningful un-
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FIG. 9. GaSe CIS spectra
for four different initial
states, peaks 4, 8, C', and
E in the EDC's, and both
photon polar izations. The
spectra have been shifted
in energy to obtain align-
ment of the constant-final-
state-energy structures,
and normalized to the mono-
chromator response and to
the synchrotron current.
The structure labeling is
commented in the text.
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less they are close in energy to each other.
Figure 9 reports GaSe CIS spectra taken for

several different initial states in both hoton
lar'armations. The first structure around 5.5 eV
above g„is spurious and due to the vacuum-level
threshold at -5.3-5.4 eV. Nine conduction-band
structures are observed in the energy region be-
bveen 6-15 eV above E„.At higher energies, all

to
spectra become much flatter and this corresp drespon s

a nearly plane-wave final-state character for
most transitions analyzed in Sec. IV.~ The con-
duction-band features have been labeled in Fig. 8
as d-/, reserving a, 0, c to the three density-of-
states peaks below the vacuum level deduced from
ref lectivity spectra at 2.35, 3.65, and 4.75 eV
above g ." Table II summarizes the average ex-
perimental energy position of the conduction-band
features and Table III reports the photon energy
of the optical transitions in which they yarticiyate.
As reported in the third column of Table II th
p esence of the first three features above ther

e e

vacuum level, d, e, andf, has also been deduced
from uv ref lectivity data. " We point out that CIS
spectra provide more information than reflec-
tivity or electron-energy-loss data because abso-
lute energy positions rather than only transition
energies are measured. We list in Table III all

of th
the optical transitions observed in F S M tig. . ost
o ese transitions are also observed in reflec-
tivity and energy-loss syectra (see Table III,
second and third columns) "I b t thu e previous
interpretation was sometimes wrong and quite
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FIG. 10. GaS CIS spectra
having peak B for initial
state. Normalization as
for Fig. 9. The second de-
rivative of the unnormalized
s-polarization CIS spectrum
(see upper curve) allows a
better determination of the
structure energy positions.
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FIG. 11. InSe CIS spectra.
Same normalization as for
Figs. 9 and 10.
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TABLE III. Optical transitions for GaSe.

CIS
(present

data)
Reflectivity

data

Transition energy
Electron

energy
loss data

Nature
(present

data)

9.4
9.8-10.2

10.4-10.5
11.4-11.6
12.2-12.4
13.2-13.6
13.8-14.3
14.7-15 ~ 1
15.8-16.3
17.7-17.9
18.3
18.9-19.2
21.2-2.13

93 9
~ ~ ~

~10 8c &

~ ~ ~

12.3
13.0'
14 Oc

15.25
16.4
17 6

18.8 19 5
21.27 21.65

19.25'
21.3 ~

B d
A f', B e
A g
A g', B f', g~e

B g', C f', E
B h, C g, E e
E f, C
B i, C h, E f', E g

i
E
C-l
E

~Energies in eV; uncertainty for our CIS data +0.2 eV.
~ Reference 16.' Reference 13.

Reference 15.' Reference 14.
~ Reference 27 ~

~Reference 28.
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TABLE IV. CIS results for GaS.

Conduction
band

feature

Average energy
position

(present data)

Transition energy
I3

(both polarizations)

Spurious
d

f

h

l

5.5-5.8
7.2-7.3
8.8

10.0
11.0
14.6-14.7

8.8, 9.1

10.5-10.6
12.1
13.3
14.3
17.9-18.0

See the footnote b of Table II.

often it neglected optical processes for whose
occurrence we have direct evidence. Some cau-
tion is needed while comparing ref lectivity data
and CIS data since the depth of the sample region
sampled is much larger in the former case due
to the small electron escape depth. Surfacelike
effects can increase the number of allowed optical
transitions breaking the dipole bulk selection
rules, and this explains why some of our tran-
sitions are not seen in ref lectivity. "" The
fourth column of Table II shows that there is an

excellent agreement between the theoretical en-
ergy position~ ' of most conduction-band fea-
tures and the experimental one from CIS. The
agreement extends to all the region where the-
oretical data are available, up to -13 eV above
the Fermi level, and this is quite remarkable
since the theory is based on pseudopotential cal-
culations. A detailed theoretical treatment is not
available for the selection rules shown by Table
II. A qualitative atomic orbital explanation of
these selection rules fails since the prevailing
conduction-band character should be p-like up to
9-10 eV above g„and then d-like. " This would

imply similar atomic selection rules for most of
the final states. The data of Table II show that
this is not true, and again prove the molecular

character of the conduction band implying that
detailed calculations are needed to explain the
experimental selection rules. We point out that
more differences are present in Table II between
the selection rules of the fifth column and the re-
mainders than among the remainders and this
again reflects the peculiar p, -like character of
peak A. . No other systematic trends can be de-
duced from Table II.

Figures 10 and 11 show QaS and InSe CIS spec-
tra while Tables IV-VI report the peak positions
and transition energies for these materials. The
curve on top of Fig. 10 is the second derivative of
the GaS s-polarization CIS spectrum shown in the
same figure which helps to more carefully de-
termine the energy position of the structures. As
one could expect on the basis of the above EDC's,
there is a correspondence among the results of
Figs. 10 and 11 and those for GaSe. Both the
valence- and the conduction-band structures tend
to be closer to the energy gap for GaS than for
GaSe while no similar behavior for all the struc-
tures is found comparing InSe and QaSe. More
marked differences among the materials are found
for the select'. on rules. Again, these selection
rules show promise of careful checking of future
detailed theoretical models. Some qualitative
conclusions can be drawn. For example, com-
parison of Tables II and IV show that there are
no forbidden transitions from peak gg for GaS,
while B-f is not allowed for GaSe. This confirms
what has already been shown by the polarization
effects, i.e., that peak g has in GaS a mixed char-
acter less well defined than in GaSe.

V. CONCLUSIONS

Photon-polarization-dependent EDC's and CIS
spectra on GaSe, GaS, and InSe are to a large ex-
tent explained in terms of valence- and conduction-
band density of states, respectively. For both
GaSe and InSe, the one has the same binding-en-

TABLE V. CIS results for InSe.

Conduction-
band

feature

Average
energy position ~

(present data)
A

p polarization

Transition energy
B2

s polarization p polarization s polarization p polarization

Spurious
d

f
5.8
7.6
9.1-9.2
9.9

12.3b

10.2
10.9

No

9.9-10.1
11.7
12.4

14.7

9.9-10.1
11.5
12.3

14.9

11.8

13.6
15.1
16.0

18.9

12.0

13.8
15.3
16.0

19.2'
~ See the footnotes of Table II.

Peak i is a doublet when E2 is the initial state. The position of the components is 12.0 and 12.8-13.1 eV.
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TABLE VI. Optical transitions for InSe.

CIS (present data)
Transition energy

Reflectivity (Ref. 15) Nature (present data)

9.9-10.2
10.9
11.5-12.3
13.6-13.8
14.7-15.4
18.1-19.2

10.8
A g, B2 f
A g'
B2 g, B2 g', Eg d

~f
B2 i, E2 g, E2 g'
E2

See corresponding note for Table III. A tail extends up to 16 eV.

ergy sequence of atomic-orbital contributions to
the valence band. For increasing binding energy
one finds first p, -like states from cation (cation-
cation bonding) and Se atoms at 0.8-1.5 eV from
E„.Then, in the order, p„,p„states (cation-Se
bond), cation s-like states (antibonding, bonding
cation-cation states), anion s-like states, and
cation d-core levels. For GaS the sequence is
also similar, but the characters of the first two
features, peaks A. and gg, are mixed together.
The energy position of the conduction-band fea-
tures also shows similarities among the three
materials. Four conduction-band structures d,
f, g, and g' are present for all materials. Five
more structures are only found for some of the
materials (e, f', h, i, and l). The peaks d, e, f,
g', and h have been predicted for GaSe by pseudo-
potential band-structure calculations" "which
predict a molecular character of the conduction
band in this compound. The CIS spectra also
offer a detailed explanation of previous ultraviolet
ref lectivity and electron-energy-loss data.

We would like to comment that the method of
employing several different synchrotron-radiation

photoemission-spectroscopy techniques in the
same investigation underlines the limitations of
the conventional EDC approach and shows promise
of future developments. We are at present ex-
tending the investigation to different kinds of layer
compounds and to adsorbates. In the latter case,
several theoretical methods such as pseudopoten-
tial, tight binding, cluster, and other calculations
are often equally good to treat the density of initial
states and explain the conventional EDC's. How-
ever, data over a much wider spectral range below
and above the Fermi level with photon polarization
effects are a more stringent probe of the relative
accuracy of these theoretical methods.
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