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The polarized uv continuum emitted by the University of Wisconsin Storage Ring has been employed to
study the electronic structure of SnS,, Pbl,, and Bil; with several different photoemission-spectroscopy
techniques. For binding energy ~ 11.5 eV with respect to the top of the valence band, E,, four valence-band
density-of-states peaks have been found for SnS, and five each for Pbl, and Bil;. In the energy region
extending from the vacuum level to ~ 14 eV above it the photoelectron spectra exhibit six conduction-band
density-of-states peaks for SnS, and Pbl, and four for Bil;. A theoretical analysis of the results shows that in
all three materials the anion p states give the main contribution to the valence band and the cation p states
to the bottom of the conduction band. The transfer of electrons from cation p states to anion p states leaves
two filled s states in each cation which also contribute to the valence-band spectrum. For SnS, these states
have been found ~ 7.4 eV below E,, while for Pbl, and Bil; they combine to some extent with anion (s-p)
hybrid orbitals, giving a shallow occupied state with antibonding character as well as a bonding state deep in
the valence band. More details about the wave-function symmetry have been provided by photon-polarization
effects and by spectra taken in a normal-emission geometry. Little dispersion of the normal emission energy-
distribution-curves peaks with respect to photon energy variation was observed, and this indicates that the
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interlayer interactions are weaker here than in the tetrahedrally coordinated III-VI compounds.

1. INTRODUCTION

The band structure of three layer compounds
with octahedral coordination of the anions around
each cation, SnS,, Pbl,, and Bil;, has been in-
vestigated with several different synchrotron-
radiation uv photoemission-spectroscopy (UPS)
techniques. The investigation has been carried
out over an energy range extending below and
above the Fermi level E,. The experimental
method! consisted of taking energy distribution
curves (EDC’s) and constant initial-state (CIS)
curves?® for different photon polarization, there-
fore exploiting continuity and polarization, two
of the most important features of synchrotron
radiation. The power of this approach has been
established by recent experiments on III-VI com-
pounds.’ Most of the EDC features are related
to peaks of the valence-band density of states.
Comparing EDC’s taken at different photon ener-
gies allows one to separate density-of-states ef-
fects from matrix-element and final-state effects.
Photon polarization effects on the EDC’s provide
information on the symmetry of the initial-state
wave function. Information on the conduction-
band density of states is provided by the CIS curves
after a detailed analysis and elimination of spuri-
ous contributions such as two-step direct recom-
bination photoionization effects.?"¢ In summary,
this experimental method provides a rather com-
plete picture of the density of states over a wide
energy region. In the present case the method

has been completely successful in studying the
electronic structure of SnS,, Pbl,, and Bil,. Even
more band-structure information has been ob-
tained than for III-VI compounds,® since an angle-
resolved photoelectron collection geometry has
been employed in this work as well as the angle-
integrated geometry of Ref. 1.

The choice of SnS,, Pbl,, and Bil, for the pres-
ent investigation was influenced by many factors.
They are layer compounds with nonreactive sur-
faces. Thus they share with the III-VI’s good
characteristics such as cleanliness, even under
moderate vacuum conditions, and a marked two-
dimensional character which simplifies their
theoretical treatment.5™° Their structures have
some similarity with that of GaSe, which makes
it interesting to compare the respective UPS re-
sults. The main difference between the two struc-
tures is the presence in the GaSe-like crystals
of cation-cation bonds normal to the layer which
are not found in SnS,, Pbl,, and Bil,. The present
results confirm that the cation-cation bonds are
related to the strong photon polarization effects
found in the EDC’s of GaSe, Ga$S, and InSe®!! and
that they play a critical role in determining the
electronic structure of these crystals.

This paper will be structured as follows. Sec-
tion II will describe the experimental procedure
and the results. Sections III, IV, and V will dis-
cuss the results for SnS,, Pbl,, and Bil,, respec-
tively. A summary of the most important con-
clusions will be reported in Sec. VI.
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II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiments have been carried out at the
University of Wisconsin Storage Ring using a
beam line equipped with a bakable vertical Seya-
Namioka monochromator.'? The experimental
chamber had a base vacuum <1.5x 107° Torr,
although the low chemical reactivity of these sam-
ples has allowed taking data at pressures in the
107°-Torr range. All the data have been taken
on samples freshly cleaved iz situ, whose clean-
liness has been verified by means of Auger-elec-
tron spectroscopy.’® The photoelectronenergy E
has been analyzed with a double-pass PHI cylin-
drical mirror analyzer (CMA). The monochroma-
tor and the CMA have been driven in parallel by
a PDP 8/L minicomputer programmed to take UPS
curves in several different modes. In particular,
EDC’s have been taken keeping the photon energy
7w constant and sweeping E, while CIS curves
have been taken sweeping both Zw and E and keep-
ing the difference E - 7Zw =E; constant. The entire
experimental chamber could be rotated under
ultrahigh vacuum conditions around the beam line
as described in Ref. 1. The rotation allowed
changing the photon polarization from p to s and
vice versa without changing either the angle-in-
tegrated photoelectron collection geometry or
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FIG. 1. EDC’s taken on SnS, at several photon polari-
zations. An angle-integrated photoelectron collection
geometry has been employed here and the curves have
been normalized in intensity to the same uv photon flux.
with a flat spectral photon energy distribution.
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FIG. 2. Angle-integrated EDC’s for Pbl,.

the direction of incidence of the photons. In par-
ticular, the geometry for s polarization corres-
ponded to a zero component of the photon elec-
tric field perpendicular to the sample, i.e.,

E,=0. Most of the data have been taken in an
angle-integrated collection geometry, but for some
of the spectra a shield with a hole has been placed
in front of the CMA so that only photoelectrons
emitted within a small solid angle were accepted.
The latter geometry has been employed to select
photoelectrons emitted within ~5° from the normal
to the sample surface. :

It is known that most structures in the UPS
curves at low photon energy, Zw<30 eV, are re-
lated to critical points in the joint density of-
states, i.e., V,(E;-E/) =0, where E,=initial-
state energy and E,={final-state energy. For
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FIG, 3. Angle-integrated Bil; EDC’s at Zw=44 eV
and p polarization. The energy range has been extended
to include the Bi 5d spin-orbit doublet.
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FIG. 4. Angle-integrated EDC’s for Bilj, normal
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FIG. 6. Energy position of the normal-emission SnS,
EDC’s in the high-photon-energy limit this con- EDC peaks of Fig. 5 the photon energy. The positions
dition practically reduces to V,E;=0, i.e., in that of the angle intf%gr'abed peaks C and D not appearing in
case the EDC peaks coincide with maxima of the the normal-emission EDC’s are shown for comparison.

initial density of states. At low photon energies
final-state contributions and matrix-element ef-

fects produce excursions of the EDC peaks around initial-state contributions, and the energy position
their high-photon-energy positions. Comparing of the valence-band density-of-states structure
EDC’s taken at small and large photon energies can be carefully determined in this way. It is
usually allows separation of these effects from the convenient to take CIS curves selecting the con-

stant E;=E — 7w to coincide with one of the critical
point maxima in the valence-band density of states
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FIG. 5. Normal-emission SnS, EDC’s taken with p- FIG. 7. Normal-emission EDC’s for Pbl, taken with

polarized photons of several different energies. p- and s-polarized photons of several different energies.



19 SYNCHROTRON-RADIATION PHOTOEMISSION SPECTROSCOPY... 3269

}

=

@

4

]

’_.

Z

o)

)]

)]

§

g P
A
B
C

1 )|
4 12
ENERGY (eV)

FIG. 8. Angle-integrated SnS, CIS curves as a func-
tion of final-state energy. The capital letter at the right
side of each curve indicates the valence-band peak
whose position in energy coincides with the value of the
constant E;=E; -7 w, i.e., the initial-state energy for
primary photoionization contributions to the same CIS
curve.

experimentally deduced from the EDC’s. Since
E; corresponds to an initial-state critical point,
one has V,E;=0, and the condition V,(E; - E;)=0
reduces to V,E,=0. Thus peaks in the CIS curves
taken in this way should coincide with critical
points in the final density of states. Of course,
the present analysis only applies to first-order
photoionization processes, while two-step direct
recombination processes can give spurious CIS
peaks.®* The CIS peaks due to maxima in the final
density of states can be easily recognized while
comparing CIS curves taken for different critical-
point values of the initial energy E;. Indeed, these
peaks must appear in different curves at the same
values of E;, which is the final-state energy for
primary photoionization processes.

Typical angle-integrated EDC’s are shown in
Fig. 1 for SxnS,, in Fig. 2 for Pbl,, and in Figs.
3 and 4 for Bil,. Four structures are observed
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FIG. 9. Angle-integrated and normal-emission Pbl,
CIS curves as a function of final-state energy.
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FIG, 10, Angle-integrated Bil3 CIS curves as a func-
tion of final-state energy.
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TABLE I. Energy positions of the SnS, EDC peaks (capital letters) and CIS peaks (small -

letters). ?
Experimental Theoretical
position © position ¢
Peak P eV) eV) Character 9
Sndd,, -25.1 £0.2
Sn4d5/2 -24,1 £0,2
D’ - 8.2 +04
D -4 :1:0.2} - 6.0 Sn(s)
c’ - 5.5 0.3
C’ - 4.8 +£0.3 - 4.9
C — 4.6 +04
B - 3.2 £04 S(s)
- 3.1,- 2.8

B’ - 2.1 £0.3
A - 1.3 £0.3
A’ - 0.8 10.3} - 10

Vacuum level 4.8 £0.3 5.1
5.1 +0.2 5.4 Sn(s) +
d 6.25+0.2 6.8 } some d
e 7.4 £0.3 7.7 Chi‘racwrﬂ
i 9.5 +0.3 9.6, 8.6 gzﬁizd‘”:s
g 11.45+0.4 11.0 ; for peaks
3 14.0 +0.3 14.4, 13.3 d& e

2Energies measured fromE, ,

YPeaks D', C’’, C’, B’ and A’ only appear in normal-emission EDC’s,
“Uncertainties larger than 0.2 eV reflect large Zw dispersion.

dReference 6.

TABLE Il. Energy positions of the Pbl, photoemission spectral peaks.?

Experimental Theoretical
Peak position position b Character P

Ph5dsy), —20.8+0.2

Ph5dg/, -18.8+0.2

F -12.2+0.4°¢ —-11.5 I(s) -

E - 8.2+0.3 - 5.5 Pb(s) +I(sp?)

D -~ 3.8+0.3 - 3.5

c - 3.2:04 - 3.0 } 1(p)

B - 2.0£0.3 - 2.0

A - 0.8+0.449 - 0.5 Pb(s) +I(sp®)
Vacuum level 6.0+0.2

d 7.2+0.3

e 7.8+0.3

f 8.4+0.2

8 8.7+0.3

i 9.2+0.3

i 114 +0.3

2See the footnotes to Table II.

bReferences 10 and 17.

¢X-ray photoemission data from Ref.17.
dPeak A splits in two components separated by ~0.8 eV for p-polarization, normal-emission

EDC’s at Zw =28 eV.
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TABLE IIl. Energy positions of the Bil; photoemission spectral peaks.?

"Experimental Theoretical

Peak position® position ®

Bisdy, ~27.7+0.2

Bi5ds/, —24.7+0.2

F , ~12,3+£0,3 ¢ -11.0 1(s)

E —10.8+0.4 -~ 7.5 . Bi(s) +1(sp?)

E’ - 6.6+04

D,C - 3.8£0.3 - 4.0

B —.1.8+0.3 - 24 } 1)

A - 1.0+0.3 - 0.5 Bi(s) +I(sp3)
Vacuum level 5.6+0.2

d 7.4£0.3

e 8.2+0.3

f 10.0+0.2

g 11.8+0.5

2See the footnotes to Table I.
bReferences 10 and 17.
¢X-ray photoemission data from Ref. 17,

for SnS, and five each for Pbl, and Bil,. These
peaks have been labeled with capital letters fol-
lowing the convention of Ref. 1. The angle-re-
solved EDC’s for SnS, taken in a direction normal
to the sample surface reveal five more structures,
A’, B’, C’, C”, and D’ (see Fig. 5), whose energy
position does not coincide with any of the peaks

of Fig. 1. Figure 6 shows that none of the nor-
mal-emission peaks exhibit a strong dispersion
versus 7Zw except, perhaps, peak B. The peaks
appearing in the normal-emission PbIl, EDC’s of
Fig. 7 essentially coincide with those of Fig. 2,
except for a splitting of peak A in two components
for p polarization and Zw = 28 V.

Figure 8 shows angle-integrated SnS, CIS curves
taken for three different values of initial energy
E,; corresponding to the positions of the SnS, EDC
peaks A, B, and C. Six final-state structures ap-
pear in these spectra above the vacuum level (VL),
which is the lower limit of the energy region that
can be explored by the CIS technique. Again fol-
lowing the conventions of Ref. 1, five of these
structures have been labeled as d-k. No label
has been given to the first peak ~5.1 €V above
the top of the valence band, E,, since this peak
is spurious due to the onset of photoemission.
Figure 9 shows angle-integrated and normal-
emission CIS curves for Pbl, which exhibit six
final-state structures labeled d—%. Only four
peaks (d-g) appear for Bil; in the angle-integrated
CIS curves of Fig. 10.

The peak positions for the SnS, EDC’s and CIS
curves have been summarized in Table I. The
theoretical estimates of these positions are also
reported and will be discussed in Sec. III. Sim-
ilarly, Tables II and III summarize the peak po-
sitions for Pbl, and Bil,, respectively. We would
like to emphasize the wide extent of the energy
region covered. The present experimental ap-
proach explores a spectral region ~40 eV wide
for SnS, and BiI, and ~32 eV wide for Pbl,. This
region extends in the conduction band up to 11-14
eV above the vacuum level. Structure can be
found in the conduction-band density of states
even at those high energies. Thus rather than
being free-electron-like, the conduction bands of
these materials exhibit a molecular character
much like that of the III-VI compounds.

III. DISCUSSION OF RESULTS FOR TIN DIN-SULFICE

A single crystal of SnS,, Pbl,, or Bil, consists
of two-dimensionally extended sandwiches of atoms
stacked on top of each other and held together
by relatively weak interactions. We shall see that
the interlayer interactions appear weaker in these
compounds than in the III-VI compounds. Each
sandwich is formed by three atomic planes with
two anion planes (S or I atoms) in the outside of
the layer and one cation plane (Sn, Pb, or Bi
atoms) in the inside. Each cation is octahedrally
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surrounded by and chemically bound to six anions.
For SnS, and Pbl, each anion is chemically bound
to three different cations, leading to the CdlI, lat-
tice structure, whose top view can be seen in Fig.
11(a). One should observe that this lattice struc-
ture can be obtained from the GaSe-like structure
after removing one of the two cation planes (and
the corresponding cation-cation bonds) and ro-
tating one of the anion planes by 60°.

The Sn-S bond length in SnS,, 2.57 A, is much
closer to the sum of the Sn and S ionic radii, 2.55
A, than to the sum of the covalent radii. Thus a
predominately ionic character of this bond is ex-
pected. Charge-density calculations'® show that
the valence-band charge is mostly centered around
the sulphur sites. The charge distribution is,
however, quite asymmetric around each anion
site, and this indicates that some covalent char-
acter is also present in the Sn-S bond. In practice,
the valence band is mostly formed by filled S(3p)

~__3rd plane

-2nd plane

st plane

ecation
Slanions

FIG, 11. (a) Top view of the Cdl,-like lattice struc-
ture of SnS,; and PbI,. Only one layer is shown here
and the large and small open circles correspond to its
top and bottom atomic planes, respectively. (b) Top view
of the Bil; lattice structure. Note that here only £ of the
cation sites of the above CdI, structure are occupied.

states with a minor Sn (5s)-like contribution.!*
The cation 5p states can be found as empty states
in the conduction band.*

The theoretical valence-band density of states
by Schluter et al.%' exhibits four peaks, 1.0,

2.8, 4.9, and 6.0 eV below E,, plus a shoulder at
~ 3.1 eV. These have sulphur p-like character.
The angle-integrated EDC peaks A and C must be
identified with the theoretical structure at -1.0
and -4.9 eV, respectively. Peak B is a super-
position of the two theoretical structures at —2.8
and -3.1 eV. Figures 5 and 6 show that in a nor-
mal-emission geometry peaks A and B are ac-
companied by satellites, peak A’ and peak B’, re-
spectively. Due to E vs k dispersion, peak c is
shifted in the normal-emission EDC’s of Fig. 5
from its angle-integrated energy position, giving
rise to peak ¢'. Similar to peaks A and B, peak
¢! is accompanied by a satellite, peak c''. The
normal-emission satellites of peaks A, B, and

C originate from a partial removal of the degen-
eracy between sulphur p, and p,, p, states by crys-
tal-field splitting. A complete removal of this
degeneracy can be excluded, since it would cor-
respond to strong photon polarization effects on
the relative intensity of the EDC structures® which
have not been observed for SnS,. A partial crys-
tal-field splitting between p, and p,, p, states is
supported by previous optical'* and photoemission®
data. The normal-emission geometry emphasizes
the p,-like contributions to the p-polarization
EDC’s,’ and therefore the normal-emission satel-
lites of peaks A, B, and C have p, character.
Thus the p,-like components of peaks A, B, and C
appear-displaced in energy with respect to the re-
maining components of these peaks, i.e., there is
some p—p.,p, splitting.

The cation s states whose theoretical energy
position'® is 6.0 eV below E, must be identified
with peak D in the angle-integrated EDC’s. There
is a large discrepancy between theory and experi-
ment as to the postion in energy of these states.
We shall see later that similar discrepancies are
found for the deep-lying cation s-like contributions
to the valence-band density of states of PbI, and
Bil,. Inthe normal-emission EDC’s of Fig. 5 peak
D is replaced by peak D’, and this corresponds,
as for peak C, to a shift of peak D from its angle-
integrated energy postion due to E vs k dispersion.

A remarkable feature of Figs. 5 and 6 is the
absence of strong 7Zw -dispersion for many of the
normal-emission SnS, EDC peaks. The k-vector
component perpendicular to the sample surface,
K,, is not a good quantum number in the photo-
emission process, and it is difficult to establish
a quantitative relationship between the 7w -dis-
persion of the normal-emission EDC peaks and



the band structure. Nevertheless, qualitative
conclusions can be drawn. In particular, the
weak 7w -dispersion of the normal-emission EDC
peaks clearly shows that the interlayer interac-
tions in SnS, are weak. Much stronger dispersion
of normal photoemission and stronger interlayer
interactions have been found for III-VI com-
pounds.®

The calculated conduction-band density-of-states
peaks by Schluter® coincide well with the experi-
mental CIS structures of Fig. 8 so that a straight-
forward identification of these structures can be
attempted. The identification is reported in Table
I, which summarizes the theoretical atomic-orbi-
tal character of each peak besides its theoretical
and experimental positions in energy. One should
observe, however, that only peaks d and e exhibit
a pronounced atomic character, i.e.. Sn-5p char-
acter (with minor d-like contributions). The other
peaks correspond to more delocalized charge dis-
tributions and the atomic-orbital character re-
ported for them in Table I is very weak. This ex-
plains in part why photon polarization effects in
the CIS curves are weak for SnS,. Indeed, strong
polarization effects mostly depend on the validity
of the atomic dipole selection rules and therefore
on a marked atomic character of the states in-
volved in the optical transitions.

IV. DISCUSSION OF RESULTS FOR LEAD IODIDE

The single crystals of Pbl, have the same CdlI,
lattice structure as SnS, shown in Fig. 11(a). Con-
trary to the case of SnS,, the valence-band charge
in PbI, has an almost symmetric distribution
around the anions’® so that the Pb-Ichemical bond in
Pbl, appears more ionic in character than the Sn-S
bond in SnS,. Therefore, most of the valence-
band electrons have I(s) or I(p) character with
the former confined lower energies than the
latter.'” Some Pb cation s-like contribution is
again present in the valence band but it is not
confined to low energies as in SnS,. The Pb-I
bond is established transferring electrons from
each lead atom. The Pb(6s) states combine to
some extent with iodine valence orbitals. The
admixture between Pb(6s) and I(sp®) gives a pair
of hybridized states whose theoretical positions
are 5.5 and 0.5 eV below E,. Therefore, these
hybrids, which from the point of view of the total
cohesive energy have nonbonding character, ap-
pear in the energy spectrum as a bonding-anti-
bonding pair.!o!? :

As it is shown in Table II, peaks B, C, and D
correspond to the theoretical peaks with I(5p)
character. The aforementioned pair of hybridized
Pb(s)+ I(sp®) states correspond to peaks A and E.
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The anion 5s electrons give rise to peak F at —-12.2
eV, which is much more evident in the x-ray
photoemission experiments!” than in the UPS
curves. The normal-emission EDC’s of Fig. 7

do not have satellites of the angle-integrated
peaks, and this shows that in Pbl, the degeneracy
between anion p, and p,, p,, states has not been re-
moved by crystal-field splitting. As for SnS,, the
7w -dispersion of the peaks in Fig. 7 is quite small
and the interlayer interactions appear weak. A
remarkable feature of the normal-emission PbI,
EDC’s is the splitting of peak A in two different
peaks separated by~0.8 eV occurring for p -polar-
ization at high photon energies. Since the p,-like
contributions to the EDC’s are emphasized for

p polarization in a normal-emission geometry,s
this splitting is explained by an asymmetric dis-
tribution of the p -like components in the anti-
bonding Pb(s)+ I(sp®) state. An asymmetric dis-
tribution of p, states seems also present in the
bonding Pb(s)+I(sp®) orbitals, and it produces

the asymmetric shape of peak E in the high=pho-
ton-energy p polarization EDC’s of Fig. 7.

A theoretical analysis of the Pbl, conduction-
band orbital character has been performed for
states below the vacuum level VL.*1° In this en-
ergy region the theoretical Pbl, conduction band
exhibits a strong lead p character. This has been
confirmed by recent experimental results* on
optical transitions from the Pb 5d core level
doublet to the bottom of the conduction band which
are affected by large excitonic effects. These
transitions have quasiatomic character, and their
one-electron final states correspond to the Ph(6p)
spin-orbit doublet with components ~3.4 and ~4.6
eV above E,. Some insight into the higher-lying
conduction-band states is provided by the analysis
of the Pbl, band structure described in Ref. 7.
Peak d originates from the flat portion of the 9th,
10th, 11th, and 12th conduction bands in the re-
gion of the I" point whose theoretical position is
~T7 eV above E,. Peaks e, f, and g are related
to the 6th—11th conduction bands near the M point
and/or the K point which correspond to maxima
in the theoretical density of states 8-8.5 eV above
E,. Also the M-point region is probably respon-
sible for peak &k, since there the flat region of the
10th and 11th conduction bands corresponds to
maxima in the theoretical density of states ~9 eV
above E,. Peak i corresponds to the theoretical
T and M points of the 15th and 16th conduction
bands which can be found ~11.5 eV above E,, in
Ref. 7. The lack of strong photon polarization
effects in the CIS curves of Pbl,; indicates that,
as in SnS,, a strong atomic-orbital character
is only present in the lower part of the conduction
band. Quite probably, the conduction-band peaks
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listed in Table I have no unique character, and
determining their atomic decomposition would re-
quire an extremely careful examination of the
corresponding pseudo-charge distributions.

V. DISCUSSION OF RESULTS FOR BISMUTH I0DIDE

In the Bil, lattice structure each cation is
octahedrally surrounded by six anions as in the
Cdl,-like structure of SnS, and Pbl,. However,
the bismuth atoms occupy only % of the Cdl, cation
sites, and each anion is chemically bound to fwo
rather than to three cations. A top view of the
resulting structure can be seen in Fig. 11(b).

As for Pbl, and SnS,, the cation-anion bond
length of Bil,, 3.04 A, compares more favorably
with the sum of the ionic radii, 3.20 ;&, than with
the sum of the covalent radii, 2.79 A.1® The theo-
retical valence-band charge distribution is more
symmetric than in SnS, but less than in PbI, around
the anion sites. Thus the cation-anion bond in
Bil; has an ionicity intermediate between SnS, and
PbL,. The mechanism by which the chemical bonds
are established is similar to that of PbI,. There
is a transfer of electrons from the bismuth atoms
to the iodine atoms and a large contribution of
filled iodine p states to the upper part of the val-
ence band. Filled nonbonding s states are left
in the bismuth atoms, and these states combine
with anion sp® hybrids giving a pair of bonding,
antibonding valence-band states. Therefore, in
spite of the difference in structure the energy dis-
tribution of the valence-band states is rather sim-
ilar in Pbl, and Bil,. The distribution consists
of a group of anion p-like states 1.5-4 eV below
E,, surrounded by a pair of bonding, antibonding
hybridized Bi(s)+ I(sp?) states.

The experimental results of Figs. 3 and 4 show
two peaks, B and C, D, that originate from iodine
p orbitals. The XPS data of Ref. 17 suggest indeed
that the Pbl, states C and D merge in Bil, into only
one peak. Peaks A and E are the bonding and
antibonding components of the Bi(s)+ I(sp3) pair.
Again, the experimental binding energy of the
deeper valence-band states with contributions
from cation s orbitals is much larger than its
theoretical estimate. In both iodides the cation
(s)+ anion(sp®) bonding and antibonding states are
asymmetrically distributed in energy around the
anion p states with some prevalence of the bond-
ing configuration. The anion s states can be found
in the Bil; XPS curves ~12.3 eV below E,.!” The
nature of the weak but reproducible peak E’ is not
clear, although a comparison with the similar
PbI, EDC’s would suggest that it has a spurious
origin.

As reported in Table III, only four conduction-
band density-of-states peaks, d-g, can be found
above the vacuum level VL in the Bil, CIS curves.
The experiments® on the optical transitions from
Bi(5d) to the bottom part of the conduction band
show that the similarities between PbI, and Bil,
extend beyond the top of the valence band, since
in both materials the lower portion of the conduc-
tion band up to the vacuum level exhibits strong
cation p character. Therefore, some correlation
between the two iodides may be eXpected even
above the VL. For example, the Bil, peak d
clearly corresponds to peak d of Pbl,. An analy-
sis of the selection rules and of the energy posi-
tions indicates that peak g of Bil, corresponds
to peak ¢ of Pbl,, while the Bil, corresponds to
a superposition of the Pbl, peaks g and £ al-
though the energy positions in this case do not
agree very well.

VI. CONCLUSIONS

The band structure of the layer compounds
SnS,, Pbl,, and Bil, has been investigated over
a wide energy range employing different synchro-
tron radiation UPS techniques. The density-of-
states peak positions agree with the corresponding
theoretical estimates with the exception of the
deep-lying valence-band peaks originating from
cation s states. )

The rather ionic character of the cation-anion
bonds in these compounds corresponds to a large
contribution of anion p states to the valence band
and to a confinement of the cation p states to the
conduction band. Some cation s-like contribution
is also found in the valence band and its behavior
is different in SnS, and in the two iodides. In
SnS, the tin 5s states lie deep in the valence band
and do not give any significant contribution to the
upper valence band. In Pbl, and Bil, the cation s
states combine to some extent with iodine sp?
hybrids, giving a pair of nonbonding states dis-
tributed in bonding and antibonding positions with
respect to the energy position of the iodine p
states. In all three materials the states at the
bottom of the conduction band have marked cation
p character, while in the upper regions of the
conduction band the atomic orbital character be-
comes less well defined. In general, more sim-
ilarities have been found between the electronic
structures of Pbl, and Bil, than between these
iodides and SnS,. This confirms the theoretical
prediction that the band structure of these ma-
terials is much more sensitive to the ckemical
properties of the component atoms than to the
crystal lattice structure. The lattice structure
is, instead, important in establishing the dif-



ferences between these octahedrally coordinated
layer compounds and the layered materials with
the GaSe-like structure. For example, the GaSe-
like crystals exhibit cation-cation bonds perpen-
dicular to the layers which cannot be found in the
CdI,-like and Bil,-like crystals. As a conse-
quence, the photon polarization effects in the
EDC’s are much stronger in the III-VI compounds
than in SnS,, Pbl,, and Bil,.

The method of employing several different syn-
chrotron radiation photoemission spectroscopy
techniques to study the band structure over a
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wide energy range above and below E has al-
ready been successfully applied to a large number
of materials of different kinds.»!> The generally
good agreement between the experimental results
and theoretical predictions shows that this method
is reliable. Therefore, it should be applied in the
near future to more complex three-dimensional
systems or to other two-dimensional systems
such as nonbinary layer compounds, transition-
metal dichalcogenides, and ordered adsorbed
overlayers.

*Postdoctoral Fellow at Bell Laboratories on leave from
CNR-GNSM, Rome, Italy.
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