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Photoemission experiments have been performed on amorphous and crystalline films of Se and Te
using photon excitation energies of 1486.6 (AlK a), 40.8, and 21.2 ¢V (He Il and He ). From these
experiments we have determined the densities of valence states, the binding energies of the core levels,
the characteristic loss functions, and the plasma frequencies. Comparisons of the experimental to the
theoretical densities of states are made for both the amorphous and crystalline forms. The optical
properties of Te in the region of interband transitions are shown to be described well by a simple
model based on the density of valence states. Evidence that the optical absorption peak from the Se 3d

level may be of excitonic origin is presented.

I. INTRODUCTION

The electronic properties of the crystalline and
amorphous modifications of Se and Te have been
the object of much interest. =3 However, in spite
of the vast accumulation of experimental work, the
properties of the amorphous forms are still not
well understood. The lack of long-range order
makes the computation of the electronic spectra
prohibitively difficult without introducing simpli-
fied models.*~" The results of band-structure
calculations for both the amorphous and crystal-
line phases have been usually tested by compar -
ison to the experimental optical constants. =13
Such comparisons are not conclusive tests since
alterations in the valence bands, the conduction
bands, or the transition probabilities can produce
the necessary adjustments needed to fit the exper-
imental optical results. A more direct test of a
calculated electronic spectrum is obtained by com-
paring the theoretical to the experimental density
of the valence states, since here only a single
rather than a joint density of states is involved.

Photoemission employing both x-ray and uv
photons is the ideal tool to determine the density
of valence states of the two structural forms.
Experiments performed with high-energy photons
(rv> 20 eV) permit the density of valence states to
be examined without the complicating effects of
final states. However, with the use of the limited
resolution of x-ray photoemission (~0.5 eV at
best, even with a crystal monochromator), !¢ the
finer features of the density of states cannot be
seen. The use of uv photoemission permits res-
olutions of 0.1 eV and better to be attained, allow-
ing the finer features of the density of valence
states to be resolved.!”!® Because of the effects
of secondary electrons and transition matrix ele-
ments, the lower portions of the valence band
(more than 10 eV below the top) may not always be
seen with uv photoemission, whereas they are
usually easily observed with x-ray excitation. The
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combined use of both x-ray and uv photoemission
allows a composite density of states to be derived
which retains the best features of each method of
excitation.

Another advantage of employing the x-ray pho-
toemission is that the core levels may also be
studied. Accurate determination of the energy of
core levels provides a means to investigate the
charge transferred by an element upon forming
compounds and to determine the nature of optical
absorption processes from deep-lying core levels.
Unfortunately, many of the previously reported
core levels'® have been measured with reference
to the Fermi energies of the samples, which may
vary as much as the band gap, and the effects of
charging introduce additional uncertainties into
these measurements. By determining the posi-
tions of the core levels with respect to the top of
the valence band, both the effects of charging and
uncertainties in the Fermi level can be eliminated.
In addition, such determinations need not rely upon
calibration of the Fermi level of the spectrometer.

Earlier photoemission experiments on Se and Te
have been performed with photons of low energy so
that only the top 3 eV of the valence bands were
observed. #-% Also with such low energies, the
effects of final states can still be important. More
recent measurements of Nielsen, ® with 21, 2-eV
photons, permitted the top portions of the amor-
phous form of Se to be observed, but the lower s
bands were not resolved. X-ray photoemission
measurements on trigonal Te gave the entire va-
lence-band density of states, !® but the resolution
(0.5 eV) was not sufficient to bring out any sharper
structure that may have existed.

Here we present x-ray and uv photoemission
data for both the amorphous and crystalline forms
of Se and Te. From these data, we have deter-
mined the densities of valence states, the positions
of the core levels with respect to the top of the
valence band, and the characteristic energy loss
functions. The density of valence states will be
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compared to those calculated for both the amor-
phous and crystalline forms. Also, we compare
the experimental optical spectrum of Te in the
visible and near uv with a model calculated from
the experimental density of valence states. The
far-uv absorption spectrum of Se corresponding
to transitions from the 3d core levels yields, in
conjunction with photoemission data for the core
level, evidence for final-state (“exciton”) inter-
action in this absorption process. Similar results
are reported for the 4d absorption edge of Te.

II. STRUCTURE

Se and Te belong to group VI in the Periodic
Table. Characteristic of elements in this row is
their tendency to have twofold coordination in their
elemental forms. In their trigonal crystalline
forms, the atoms are arranged in spiral chains
oriented along the ¢ axis. These chains are lo-
cated at the center and six corners of a hexagon.
The bonding angles are 105.5° and 102, 6° for Se
and Te, respectively. Se can also be found in o
and g monoclinic forms, in which Seg rings form
the basic structural unit. Te, however, is found
only in the trigonal chainlike structure.

Amorphous Se, as recently reviewed by Adler, 3
is most likely composed of chains and Segy rings in
relative proportions that may depend upon the de-
position conditions. In the amorphous form, the
nearest-neighbor bonds retain the lengths of the
crystalline forms. Little information is available
about the structure of amorphous Te. Koma et
al. # conclude from nuclear-magnetic-resonance
experiments that the amorphous form consists of
chains of 10 atoms in length, with unsatisfied
bonds terminating the ends of the chains, in agree-
ment with the fact that Te forms no crystalline
phases with ring structures.

III. BAND THEORY

As discussed by Tutihasi and Chen® we should
expect the density of states of Se and Te to consist
of three main peaks. Two electrons per atom fill
the deepest-lying s-like levels. The remaining
four electrons fill the p orbitals: two of them form
lone-pair bonds, while the remaining two pair
spins with electrons on the nearest neighbors to
form bands. We expect the electrons participat-
ing in bonds to lie lower in energy than the lone-
pair electrons since they are repelled by the empty
antibonding states.

The primitive cell in the trigonal crystalline
forms contains three atoms. We thus expect each
of the atomic orbitals to split into three bands
making a total of nine bands. The p-like part of
the band structure of Se and Te with its antibond-
ing, the lone-pair, and bonding components, have
been discussed in a pedagogically pleasing paper

by Reitz.® Since this work, many others have fol-
lowed, *'° including the pseudopotential calcula-
tions by Sandrock for Se and by Maschke®® for
Te. In both of these works, extensive compari-
sons of the calculated to the experimental optical
constant were made,

The only attempts to calculate the density of
states of the amorphous forms have been that of
Kramer and co-workers*~® for amorphous Se and
that of Hartmann and Mahanti” for amorphous Te.

Kramer and co-workers*=® assumed that the
amorphous form retains the same nearest-neigh-
bor arrangement as in the trigonal form. The
loss of long-range order was simulated by a
Gaussian broadening of the reciprocal-lattice
vectors in k space. The pseudopotential coeffi-
cients, however, were assumed to be the same as
those of the crystalline form. When a Green’ s-
function calculation is performed under these
assumptions, the bands in the neighborhood of the
gap appear broadened while those far away from
it remain sharper. It is not clear whether this
broadening is an artifact of the model (e.g., of
having assumed no smearing in the pseudopotential
factors) or whether intrinsic physical significance
should be attributed to it. Nevertheless, this
theory was able to explain the optical spectra
measured for amorphous Se, * a fact even more
remarkable when one considers that the amorphous
form contains monoclinic rings excluded from the
calculation.

Hartmann and Mahanti, ’ using a molecular-or-
bital theory, assumed that the three-atom unit cell
of trigonal Te was maintained in the amorphous
form and introduced the disorder by distorting the
bonds at the ends of the cells. There was no gap
at the Fermi level, although the density of states
in the “gap region” was small. The only test of
the model was for the optical absorption edge: The
calculated edge was lower in energy than the mea-
sured one. In addition, considerable structure
was obtained in the calculated density of valence
states.

IV. OPTICAL AND ELECTRICAL PROPERTIES

The difference in the optical and electrical prop-
erties of the amorphous and crystalline forms of
Se and Te, as recently reviewed by Stuke! and
Adler, 3 suggests that the electronic spectra of the
two forms differ significantly. The optical spectra
of the amorphous forms show considerably less
structure than their corresponding trigonal forms.
The €, spectrum of amorphous Se has two broad
peaks, at 4 and 8 eV, 1*® while amorphous Te has
one broad strong peak at 3.5 eV with a second
weak peak at 7 eV.2 The zero-frequency dielec-
tric constant increases by 12 and 40%, respective-
ly, for Se and Te upon forming the amorphous



phase. This has been interpreted as represent-
ing a strengthening of the bonding within the chains
at the expense of the bonding between the chains. !
Such effects, we expect, are signaling consider-
able differences in the density of valence states
of the amorphous and crystalline forms, such as
were found in GeTe. &

The optical absorption from the 3d bands in Se
and Te has been measured by Cardona et al. 2
and by Sonntag et al.?® The absorption spectra for
amorphous and crystalline Se were identical, indi-
cating no major differences in the conduction bands
of the two forms. However, it is not clear wheth-
er such absorptions are due to one-electron tran-
sitions into the conduction band or are affected by
Coulomb interaction in the final state (excitonic
effects). Comparisons of positions of these ab-
sorption peaks to the positions of the correspond-
ing core levels determined with x-ray photoemis-
sion spectroscopy (XPS) can be helpful in deter-
mining the nature of the absorption process.

V. EXPERIMENTAL

The samples were prepared by dc sputtering in
a high-purity-argon atmosphere at 40x10-% Torr.
A base pressure of 5% 10~® Torr was maintained
during sputtering with a turbomolecular pump. To
obtain the amorphous form of Se the substrate was
held at room temperature. To obtain the trigonal
form of Se the substrate was held at 70 °C during
deposition; afterwards it was held at 100 °C for
20 min, and at 130°C for 5 min, and then brought
back to room temperature. The work of Champ-
ness and Hoffmann®® has shown that films heated
from room temperature to 130 °C crystallize in
about 5 min. The size of the crystallities was not
measured; our results must thus be qualified since
work on single crystals may produce even sharper
structure than that reported here. The amorphous
form of Te was obtained by depositing onto a sub-
strate held at 125 °K, while the crystalline form
was obtained by depositing onto a substrate at room
temperature. a

Immediately after sputtering, the samples were
inserted without breaking the vacuum into the an-
alyzing chamber at a pressure better than 5x10-1°
Torr. The uv spectra were measured first, and
then the x-ray spectra. The x-ray spectra of Se
showed no trace of contamination from either
carbon or oxygen, the lower limit of detectability
estimated to be 3 at. %. Similar curves were found
using the He 11 line (kv =40. 8 eV) further confirming
the lack of surface contamination.

For the Te film deposited at 7,=150°K, a large
oxygen peak was observed. This peak went away
when the sample was heated to room temperature,
suggesting that the oxygen was in water that had
condensed on the surface of the films. This made
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it impossible to determine the density of valence
states with uv photoemission with the sample at
low temperatures. The water condensed on the
films deposited at low temperatures did not, how-
ever, seem to hinder our x-ray measurements.

The measurements were performed with a
Vacuum Generators ESCA III system fitted with
an Al x-ray source and a differentially pumped
gas discharge lamp, where the He used provided
lines at 21.2 eV (He1) and 40.8 eV (He1). The
resolution of x-ray data for the valence bands,
including the linewidth of the excitation source,
was 1.5 eV and for the more intensely emitting
core levels, 1.2 eV. The resolution of the uv
data taken with the 21.2-eV line was 0.1 eV and
with the 40. 8-eV line, 0.3 eV.

VI. RESULTS

Shown in Figs. 1 and 2 are the raw photoemis-
sion curves for the amorphous and trigonal forms
of Se, respectively, for the 21.2-, 40.8-, and
1486, 6-eV excitation energies. In these figures,
the zero scale was positioned at the sharp onset
obtained from the 21.2-eV line. The less well
resolved emission curves obtained with the He1r
and AlK spectra were then positioned to make
their peak positions match those of the 21, 2-eV
data, The core levels determined from the x-ray
photoemission reported in Table I were referred
to the zero determined in this way. The curves
for the three modes of excitation are seen to be

Amorphous Se

hv =212 eV

hv =408 eV

hv - 14866 eV

ELECTRON COUNTS (Arbitrary units)

'

0 5 10 15 20
BINDING ENERGY (eV)
FIG. 1. Raw photoemission data from amorphous Se

obtained with photon excitation energies of 21.2, 40.8,
and 1486.6 eV,
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TABLE 1. Core levels of Te and Se (in eV) found in
this and other work. Energies in our work are measured
with respect to the top of the valence band and are esti-
mated to be the same for the amorphous and the crystal-
line forms.

Level 3dsp 3dspn,  3psn  3pin 3s
Se*  54.64 55.47 160.7 166.47 229.6
Se® 56.7 161.9 168.2 231.5

Level d4dsp 4dyp  4s 3dsp 3dyp  3psp 3pn 3s

Te* 40.5 41.95 165.5 572,95 583.34 819.8 870.6 1004.9
Teb 39.8 168.3 572.1 582.5 818,7 869.7 1006.0
Te® 40.31 41.¢

3This work.
bFrom Ref. 19.

°From Ref. 16.

quite similar. The only major differences arise
in the large secondary tail in the photoemission of
the 21. 2-eV photons. The structure in the first
two peaks is less well resolved in the x-ray photo-
emission owing to the poorer resolution (~1.5 eV).
The emission curve from amorphous Se with the
21. 2-eV photon excitation is in excellent agree-
ment with that determined by Nielsen.® We also
do not see the peak produced by s-like bands.
There are hints of this peak in the 40, 8-eV emis-
sion curves, but these bands are clearly better
resolved in the x-ray emission. The fact that all
curves yield similar structure indicates that they
are free of the effects of matrix elements and
surface contamination; they thus yield the density
of bulk valence states. Within the resolution of the

Trigonal Se

hv=21.2 eV

hv - 40.8 eV

ELECTRON COUNTS (Arbitrary units)

hv -1486.6 eV

i 4

3 5 10 15 20
BINDING ENERGY (eV)
FIG. 2. Raw photoemission data from crystalline Se
obtained with photon excitation energies of 21.2, 40.8,
and 1486.6 eV,

x-ray measurements there are essentially no dif-
ferences between the density of valence states for
the two forms. Similar observations have been
made for AlSb.3% With the improved resolution of
the uv emission, the differences in the top va-
lence bands, particularly the lower bonding p set,
become more pronounced. In Fig. 3 the uv photo-
emission data with 21, 2-eV photons for the two
structural forms of Se are plotted on an expanded
scale so that comparisons between them can be
more easily made. In particular, the triplet
structure that appears in the 2-eV peak of the
crystalline material can be clearly observed. Com-
bining the x-ray photoemission, which resolves
the lower s band with the uv data, which has
better resolution in the upper two bands, and cor-
recting for secondary electrons, ¥ we derive a
composite density of states shown in Fig. 4. The
dotted line indicates the region where the two sets
of data have been matched. Also plotted on this
figure is the density of valence states calculated
by Kramer et al.® for the amorphous form.

In Fig. 5 we present the photoemission data for
trigonal Te. The x-ray emission data are similar
to those found by Pollak et al.'® The emission
from the 40. 8-eV line does not appear to give a
density of states characteristic of the bulk: The
peak with 4, 5-eV binding energy is stronger than
in the other measurements and oxygen contamina-
tion strengthens this peak even further. We thus
believe that such spectra arise from surface con-
tamination with oxygen which gives significant
contributions to the emissions curves when the
escape depth of the electrons becomes small. The
agreement of the 21, 2-eV emission curve with that
determined from x rays (Fig. 6) suggests that the
effects of contamination are less here (the escape
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Trigonal Se
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Amorphous Se
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FIG. 3. Comparison of the raw emission data from
amorphous and crystalline Se obtained with Av=21.2 eV.
This figure shows clearly the triplet structure which ap-
pears in the 2-eV peak when the material crystallizes.
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Kramer' s
Theory

Trigonal Se

N (E) (arbitrary units)

BINDING ENERGY (eV)
FIG. 4. Composite density of valence states of amor-
phous and crystalline Se. The upper curve shows the
density of states calculated by Kramer et al. (Ref. 5).

depth for emitted valence electrons is larger in
this case). Combining the 21.2-eV and the x-ray
data, we deduce a composite density of states for
crystalline Te as shown in Fig. 7.

As already mentioned, water condensation pre-
vented us from obtaining uv photoemission data
on the amorphous form of Te which must be kept
at a low temperature (amorphous Te crystallizes

Crystalline Te

hv=408 eV

ELECTRON COUNTS (Arbitrary Units)

hv =1486.6 eV

0 5 I
BINDING ENERGY (eV)

FIG. 5. Raw emission data from trigonal Te obtained
with photon excitation energies of 21,2, 40,8, and 1486.6

eV,
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XPS (hv = 14866 eV)from Te

Amorphous

Trigonal

INTENSITY (counts per second)

— SR —
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BINDING ENERGY (eV)

FIG. 6. Raw x-ray photoemission data from amor-
phous and trigonal Te.

when the sample is brought to room temperature).
However, the x-ray data, shown in Fig. 6, were
apparently unaffected by water condensation. With-
in the resolution of the XPS measurements we see
essentially no differences between the density of
valence states of the two structural forms.

The characteristic energy loss spectra follow-
ing the Se 3d level and the Te 3p;, , for the amor-
phous and trigonal forms are shown in Figs. 8 and
9, respectively. For both curves, the peak at
zero binding energy corresponds to electrons that
have escaped the sample without undergoing inelas-
tic collisions. The resolution of the loss curves
is given by essentially the widths of these primary
peaks. The loss energy was measured with re-
spect to the center of these primary peaks. Since
the positions of the Fermi levels of the structural
modifications were different, the primary peaks
were aligned so as to fall at the same position on
the abscissa axis. The arrows indicate the maxima
in the loss curves, i.e., the plasmon frequencies.

Density of Valence States
of Crystalline Te

o
t

N (E)(States/atom-eV)

" 3 7107 S 20
BINDING ENERGY (eV)
FIG. 7. Composite density of valence states of crys-
talline Te.
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FIG, 8. Loss spectra following the Se 3d level in the
amorphous and crystalline forms.

They occur in Se at 19.2+0,2 and 19.8+0. 2 eV,
and in Te at 17.4+0,5 and 17.5+0.5 eV, for the
amorphous and crystalline forms, respectively.
The absence of any sharp structure in the loss
peaks emphasizes the fact that secondary electrons
can add no structure to the deduced densities of
states.

VII. DISCUSSION
Se

Referring to Fig. 4, we see that the valence
bands of Se exhibit three main peaks for both struc-
tural modifications. The lowest peak, centered at
13 eV and associated with the Se s bands, is well
separated from the upper peaks. Its 9-eV width
indicates that s orbitals band significantly. The
peak at 5 eV is associated with the bonding p band,
and the peak at 2 eV with the lone-pair orbitals.
The top two peaks in the data shown in Fig. 4 for
the valence bands of the amorphous form are in
excellent agreement with those found by Nielsen. ®
As already mentioned, the lower s band was not
seen in either this or Nielsen’ s work. Nielsen
suggested that matrix elements could not explain
its absence. We suggest that final density-of-
states effects are responsible for the absence of
the observed s bands. By examining the density
of conduction states calculated by Kramer et al.®
we find that a minimum occurs 7 eV above the top
of the valence band. Thus, the electrons emitted
from the lower s set at 13 eV by the 21. 2 electrons
fall at 8 eV above the top of the valence band,
close to this minimum. Also, the width of this
lower band (~ 9 eV) makes it difficult to see in the
rapidly rising contribution from the secondaries.

The band structure calculated by Sandrock
seems to describe the over-all features of the
density of valence states remarkably well. He
finds the lone-pair bands, the bonding p bands,
and the s bands to be centered at 1.7, 5.3, and
12. 4 eV below the top of the valence band, respec-
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tively. The calculated widths of the correspond-
ing bands are 2.8, 5, and 7.5 eV. Inspection of
Fig. 4 shows that all of these numbers are in
excellent agreement with experiment, and similar
agreement with pseudopotential theory was found
by Grobman and Eastman® in their measurements
of the valence bands of Ge and Si. Of particular
interest is that the position and width of the lowest
s bands are accurately described by pseudopoten-
tial calculation, in spite of the fact that it is not
expected tobe accuratefar fromthe Fermi level. In
contrast, the s valence bands measured for the
lead chalcogenides disagree strongly with the re-
sults of pseudopotential calculations,'”!® a fact
which, in view of the present results, is probably
due to the ionicity of these materials.

The primary difference between the density of
states of the two structural forms is in the top
two p-like bands. The lone-pair band in the amor-
phous form is slightly asymmetric while that of
the crystal shows a distorted top with a triplet sub-
structure, in good agreement with that calculated
by Kramer and co-workers.*~® The largest dif-
ferences occur in the bonding p band. This peak
in the amorphous form has a shoulder on the high-
energy site at ~5.5 eV while that of the crystal
has a minor peak on the high-energy site at ~3. 5
eV. The total width of the bonding p band is about
1.5 eV narrower than calculated. However, the
over-all agreement of the calculations of Kramer
and co-workers*=® to the density of states of the
trigonal form is seen to be good. This agreement
would improve if the theoretical curves were to be
broadened more,

The better agreement of the amorphous density
of states calculated by Kramer and co-workers*=®
with our experimental trigonal density of states is
not very surprising. Lifetime broadening from
electron-electron and electron-phonon interactions
likely produces as much smearing as the positional
disorder of Kramer and co-workers, =% The

Characteristic loss function of
Te 3pj, level

ELECTRON COUNTS (Arbitrary units)

c

I 4 I

0 S 10 15 2 2‘5 C;
ENERGY LOSS (eV)
FIG. 9. Loss spectra following the 3p; level in the
amorphous and crystalline forms of Te.
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poorer fit of the experimentally determined density
of states of the amorphous form is probably relat-
ed to dissimilarities in the structures of the two
forms. Use of a more appropriate structural
model for the amorphous form appears to be nec-
essary to bring the calculation into agreement with
experiment.

It is interesting to note that the valence bands
calculated by Sandrock'® in the , =+ 7/c basal
planes are very flat and represent rather well our
photoemission results for the amorphous form.

In these planes we find an upper “lone-pair” set

of three bands, nearly degenerate at the A point
(edge of the zone along ¢ axis) and spreading only
slightly into a triplet away from A. The next band,
about 2 eV deeper, is twofold degenerate at A and
barely splits away from A. A splitting of 2 eV
separates these bands from the lowest p-like band.
Thus the contribution to the density of states from
these planes produces a bonding p band split into
two peaks with the strengths 2:1, similar to the
experimentally observed peak.

Te

The experimental density of valence states of
Te, shown in Fig. 7, is similar to that found for
Se. In agreement with qualitative theoretical pre-
dictions, 3% the primary difference is that the
lone-pair and bonding p bands are not as well sep-
arated as they are in Se. The lowest s bands
peak at about 11.4 eV and are about 5 eV wide.
According to the pseudopotential calculation of
Maschke, 13 the lower s bands extend from 10 to
14 eV below the top of the valence band, in good
agreement with the present measurements. Again
it is surprising that the pseudopotential method
has been able to determine accurately the position
of a peak so far away from the Fermi level. The
ratio of the total strength of the p bands to that of
the s bands is larger than the corresponding ratio
in Se. It has been found that with decreasing
atomic number, the lower portions of the valence
bands become more pronounced relative to the
upper portions in the x-ray photoemission. The
lone-pair band peaks strongly at about 2-eV bind-
ing energy. Its shape is similar to the corre-
sponding peak observed in trigonal Se. The bond-
ing p band presumably broadens to overlap with
the lone-pair band. The total width of the two
sets of p bands is observed to be~6 eV, compared
to the 3. 5-eV width calculated by Maschke. The
experimental curve shows considerably less struc-
ture than the density of states calculated by Hart-
mann and Mahanti for the amorphous form.

In a crystalline solid the dielectric constant is
usually computed on the basis of direct k-conserv-
ing transitions. In the case of Te, however, the
p-like conduction bands as a function of k& are

extremely flat!® and the distinction between direct
and indirect transitions may lose meaning. We
therefore tried to compute the €, spectrum of
crystalline Te by assuming constant dipole matrix
elements and a §-function-like density of conduc-
tion states. The “average” €, should then be
given by

€ V)= N, (B, - hv)/v?, @)

where the E; is the band gap chosen to have the
value 1.2 eV, and N, is the density of valence
states. The result obtained by replacing into

Eq. (1) the density of states of Fig. 7 is shown in
Fig. 10 and compared with the average experimen-
tal €,, The good agreement shows that our model,
the experimental valence bands obtained from
photoemission and a sharp conduction band, pro-
vides a good representation of the average dielec-
tric constant of crystalline Te.

Core Levels

The positions of the core levels listed in Table
I are in disagreement with those reported by
Bearden and Burr.!® In the present work the ef-
fects of charging and uncertainties in the Fermi
levels have been removed by measuring all levels
with respect to the top of the valence band. For
amorphous Se this was particularly important
since the charging effects appear to lead to an ad-
ditional shift of about 1 eV compared to the crys-
talline form. If we measure our amorphous Se
with respect to the Fermi energy of our spectrome-
ter we still obtain results that are 1 eV less in
binding energy than those reported by Bearden and
Burr.!® For the amorphous and crystalline forms,
there were no differences in the positions of the
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FIG. 10. Average experimental €, spectrum of trig-
onal Te (Ref. 26) compared with that determined from
the experimental density of valence states.
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core levels within our 0. 2 eV accuracy, provided
one refers them to the top of the valence band.

Absorption from Core Levels

The absorption spectra produced by transitions
from core levels to conduction bands have recently
received considerable attention because of the
availability of synchrotron radiation as a spec-
troscopic source. It is of interest to determine
whether the peaks in these spectra occur at ener-
gies which are the sum of the binding energy of
the core levels determined with photoemission
plus the energy at which the peak in the density
of conduction states occurs. The main peak at the
onset of the 3d absorption of Se (either amorphous
or crystalline) has a shoulder at 55.2 eV, fol-
lowed by a peak at 56.2 eV. We have found the
corresponding core level to be 54.6 eV below the
top of the valence band. Adding to this energy the
energy at which the first peak in the density of
conduction states occurs (3 eV), we obtain 57.6
eV, an energy much higher than any of the ob-
served absorption structure. This discrepancy
appears even more dramatically in Fig. 11, We
have represented in this figure the calculated den-
sity of valence and conduction states, the exper-
imental density of valence states, and the “density
of conduction states” obtained from the synchro-
tron radiation experiments.? The origin of en-
ergies has been fixed for the synchrotron data by
using as the initial energy for the absorption pro-
cess the 3d core levels of x-ray photoemission
measured with respect to the “lone-pair” peak of
the uv valence band photoemission.

The density of conduction states obtained in the
synchrotron experiments, or actually the absorp-
tion coefficient, peaks about 1 eV below the cal-
culated density of states and has a long tail ex-
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FIG. 11. Density of valence and conduction states of
Se determined from the photoemission data in this work
and the optical absorption data of Ref. 28, compared
with the theoretical density of states of Kramer et al.
(Ref. 5).

TABLE II. Plasma energies (in eV) in amorphous (a)
and crystalline (c) Se and Te,

ESCA Optical Energy loss hw, (free electron)

c-Se 19.9 19.9% 19.92 17.4

a-Se 19.3 18.9° 18, 8° 16.5
17, 0¢

c-Te 17.4 17.3* 17,32 14.9
17,94

a-Te 17.5

2From Ref. 36 (average of the parallel and twice the
perpendicular electric field configuration).

bReference 25.

°Reference 37.

dReference 39.

tending to ~ 2 eV, deep into the valence band.
Above 3 eV this density of states agrees again
with the calculated one.

Because of the reliability of the calculated den-
sity of states, based in part on the good agreement
with the experimental density of valence states, we
believe to have obtained here evidence for final-
state interaction in the absorption spectrum. In
fact, these results are quite similar to those re-
ported for the 2p absorption of Si.%%3% The one-
electron density of conduction states is enhanced
at the edge and pulled down in energy by the
Coulomb interaction in the final state.

A similar situation, although less clear, arises
in Te. The first absorption peak occurs at 40, 95
eV, an energy which is somewhat smaller than the
sum of the binding energy of the 4d;,, level (40.5
eV) and the energy of the peak on the density of
conduction states (~1 eV).

Energy Loss Function

The data obtained from the energy loss curves
are summarized in Table II. The energy loss
functions of Se (Fig. 8) peak at 19.3 and 19.9 eV
for the amorphous and crystalline forms, respec-
tively. The results are consistent with the known
5-10% difference between the densities of the
amorphous and crystalline phases. The plasma
frequency of the crystalline form is in good agree-
ment with that found by Bammes et al., 3" while
that of the amorphous form is 0.4 eV higher than
that found by Vasko® from optical data (18. 9 eV).
Robins®® found in electron energy loss experiments
a plasma frequency of 18. 8 eV for amorphous Se.
A small peak at 5.4 eV seen in some of these
experiments at ~5 eV was not observed in our
work. We observed instead a slight structure
around 10 eV, also seen in Ref. 37, which could
bear some relationship to the zero in €;, reported
by Vasko® at this energy. The energy of the main
loss peak in Fig. 8 (~19.9 eV for crystalline Se)
represents the plasma frequency of this material.
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This frequency is far from the value of 17.4 eV

calculated for a free-electron gas in crystalline

Se. As discussed by Pines, *® an increase in the
plasma energy is expected when there exists ap-
preciable oscillator strength between transitions
with frequencies slightly below that of the free-

electron plasmon frequency. The s bands rang-
ing from 12 to 19 eV suggest that such an oscil-
lator strength may exist.

For Te we obtain from our measurements a
plasma frequency of 17.4 eV for the two forms.
The peak is too broad to distinguish between
amorphous and crystalline, and thus we are not
able to see any appreciable density difference be-
tween the amorphous and crystalline forms. The

2841

calculated free-electron value, 14.9 eV, is also
smaller than the measured one, which again is
attributable to an appreciable oscillator strength
lying at frequencies slightly below the free-elec-
tron plasma frequencies. The value of 17.9 eV
was reported by Leder*® for the plasma frequency
of crystalline Te.
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