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Electronic structure and optical properties of amorphous Se and Te
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The electronic energy-band structures and densities of states of trigonal Se and Te are calculated using the
empirical pseudopotential method. The amorphous phases of these materials are simulated by a model in

which the interchain distances are allowed to have a Gaussian distribution centered at 108%%uo of the trigonal
distance for Se and 104% of the corresponding distance for Te, while the intrachain distances are kept fixed
at the trigonal values. The amorphous densities of states are obtained by calculating the crystalline densities
of states for five different values of the second-nearest-neighbor distances and averaging these densities of
states by using Gaussian weighting functions. The nondirect transition model and energy-dependent matrix
elements are used to calculate the imaginary parts of the dielectric functions of amorphous Se and Te. The
results are compared with the results of other calculations and experiments.

I. INTRODUCTION

For more than a decade there has been consid-
erable interest in the electronic properties of
crystalline and amorphous (a-}Se and Te. Even
though the two materials have been well studied
experimentally, there have been only a few the-
oretical calculations of the electronic properties
of the amorphous phases of these two materials.
As explained in Sec. II, results of these calcula-
tions are at variance with each other and with the
experimental results, regarding bandwidths and
structures in the electronic densities of states.

In an attempt to improve this situation, we have
calculated the electronic densities of states of
amorphous Se and 'Te using a model incorporating
local-density disorder that introduces Gaussian
distributions in the interchain distances, while
the intrachain distances are kept fixed. The re-
sulting imaginary parts of the dielectric functions
are calculated using the nondirect transition model
and energy-dependent oscillator strengths. The
results are compared with the results of other cal-
culations and experiments.

II. SURVEY OF CURRENTLY AVAILABLE RESULTS ON

BAND STRUCTURES AND DENSITIES OF STATES

OF a-Se AND a-Te

Kramer et al.""were the first to calculate the
electronic densities of states of amorphous Se and
Te. 'They assumed that the amorphous forms re-
tained the trigonal nearest-neighbor arrangements
and simulated the loss of long-range order by

Gaussian broadening of the reciprocal lattice vec-
tors in k space. Employing the pseudopotential
method and Green's-function techniques they ob-
tained, for the amorphous materials, bands that
were broadened near the band gaps and which re-
mained sharp away from the gaps. It was not clear
whether this broadening was an artifact of the
model or whether intrinsic physical significance
should be attributed to it. Furthermore, the en-
ergies of the valence bands were quite doubtful. " '

The resulting densities of states retained some
fine structures in the regions of the top two val-
ence bands and the first conduction bands, which
had p-like symmetry, while the second-conduc-
tion-band triplets were essentially structureless.
This result was in good agreement with the re-
sults of photoemission experiments carried out by
Laude et al

Hartmann and Mahanti' calculated the density of
states of amorphous Te by a tight-binding approxi-
mation. They assumed the trigonal unit cell was
retained in the amorphous form, and introduced
disorder by distorting the unit cell at its ends.
The p, band in this calculation exhibited three
sharp peaks absent in the Kramer et al.""calcula-
tions. Furthermore, their p, and p, bands consis-
ted of only one broad peak with a small shoulder on
the high-energy side, while the results of Kramer
et al. had two peaks in each of these bands.

Nielsen' probed the valence bands of amorphous
Se by vacuum photoemission using 21.2 eV photons.
His experiment indicated that the entire valence-
band width of amorphous Se was no more than
9 eV, in contradiction with Kramer's result, which
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indicated that the upper two valence bands alone
hnd awidthof 8eV. Chen calculatedthe energy-band
structure of Se chains and rings using hybrid or-
bitals and semiempirical Hamiltonian matrix ele-
ments. The effects of disorder were treated by
imposing a Gaussian distribution on each energy
level, assuming short-range order. The resulting
density of states was in excellent agreement with
that of Nielsen's photoemission experiment. This
calculation predicted complete merging of the s-
and p-like valence bands, in disagreement with
the Kramer et a/. '"' result according to which
these bands were well separated.

Shevchik et al. ' measured the entire valence-
band densities of states of trigonal and amorphous
Se and 'Te employing 1486.6 eV x ray, and 40.8
and 21.2 eV ultraviolet photoemission. They
found that the density of states of trigonal Se, and

not amorphous Se, was in good agreement with
Kramer's result for amorphous Se. Also contrary
to the Kramer et a/. results, there was no broad-
ening in the amorphous density of states relative to
the crystalline density of states. Furthermore,
the results of Shevchik et a/. did not show the
merging of s- and p-like bands proposed by Chen.
Shevchik et a/. favored the idea that amorphous
Se was composed of chains and Se rings in a rela-
tive proportion which depended on the preparation
conditions.

Schluter et a/. 6 performed photoemission experi-
ments on trigonal and amorphous Te and found

that the dip in the crystalline density of states
filled up in the amorphous state. This result dif-
fered from the photoemission data of Shevchik
et a/. who found that the above-mentioned dip be-
came more pronounced in the amorphous phase
both in Se and Te. They also predicted that the
presence of sixfold rings led to the dip deepening,
while eightfold rings caused the dip to fill up.
They concluded that the amorphous Se samples
used by Shevchik et a/. contained a majority of
sixfold rings. Ichikawa' measured the x-ray pho-
toemission spectra of trigonal and amorphous Te
and found the general features of the two densities
of states very similar. Joannopoulos et al. ' calcu-
lated the densities of states of trigonal Se and 'Te

using the empirical pseudopotential method (EPM)
and tight-binding models and analyzed the changes
observed in the photoemission spectra of the same
materials due to disorder. They disagreed with
the Shevchik et a/. suggestion of the presence of
substantial numbers of eightfold rings, and fav-
ored the idea of the presence of five-, six-, and

sevenfold rings.
Thus one can see that there is no general agree-

ment between the currently available results re-
garding the structural models and densities of

states of amorphous Se and Te. In Sec. III we

present a local-density-disorder model for a-Se
and a- Te that reproduces the experimental densities
of states and dielectric response functions of these
two materials reasonably well. 'The local-density-
disorder model has been used in the past by Tsay
et a/. ' to predict successfully the densities of
states and optical properties of amorphous III-V
semiconductors.

III. STRUCTURES OF AMORPHOUS Se AND Te

Before discussing the structural model for am-
orphous Se and Te used in this work, let us look
at the structures of the trigonal phases and the
experimental data relating to the structures of the
amorphous states of these materials.

The crystal structures of trigonal Se and Te con-
sist of helical chains that spiral around the crys-
talline c axis. ' The helices are arranged in an
hexagonal array, the space group being D', or D3,
depending on the sense of rotation. Each atom is
tightly covalent'y bonded to two atoms on the same
chain and rather weakly bonded to four atoms on
the neighboring chains. Richter" found, from x-
ray defraction measurements, that a-Se had the
same structural element as the trigonal crystal.
He also noticed that samples of a-Se prepared by
different methods had different interchain dis-
tances, while the intrachain distances remained
the same as the trigonal value. The shortest dis-
tance between atoms belonging to adjacent chains
was found to be 3.45 A in the crystal and 3.69 and

0
3.86 A, respectively, in amorphous samples pre-
pared by two different methods. Kaplow et a/. "
obtained radial distribution functions (RDF) of

amorphous and trigonal Se from x-ray diffraction
measurements. 'The intrachain and interchain
bond distances in the crystal were 2.32 and 3.47 A.
The corresponding values obtained for the amor-
phous material were 2.34 and 3.75 A, respectively.

From an experimental study of the imaginary
part of the dielectric function of a-Te, Stuke" sug-
gested that the structure is composed of randomly
arranged chains in which the interchain bonding is
weaker than in trigonal Te, but the intrachain
bonding is stronger. From Raman spectra of
a-Te, I ucovsky'4 concluded that the binding in
a-Te is more molecular than in trigonal Te. This
could be caused by an increase in interchain bond
distance and/or a decrease in intrachain bond

distances. Ichikawa" conducted electron-diff rac-
tion studies of a-Te films and found that the intra-
chain bond distance decreased to 2.8 A from the
trigonal value of 2.835 A, while the interchain
distance increased to 3.65 A from the trigonal
value of 3.5 A.
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Thus the experimental evidence is convincing
that in both Se and Te, in going from the trigonal
form to the amorphous form, the intrachain dis-
tances are essentially unaltered, while the chains
themselves are pulled apart from each other. It
is also to be noted that the changes in the inter-
chain distances are approximately 8% and 4% of
the trigonal values for Se and Te, respectively.
The experimental'2 " radial-distribution function
for a-Se and a-Te also indicate that the first- and
second-nearest-neighbor distances (which corres-
pond to the shortest intra- and interchain distan-
ces, respectively) obey Gaussian distribution func-
tions. In view of these experimental findings, we
chose a model for a-Se and a-Te where the intra-
chain and interchain distances were allowed to
have Gaussian distributions centered at the trigon-
al intrachain distances, and 108% of the trigonal

interchain distance for Se and 104% of the trigonal
interchain distance for Te, respectively.

IV. ELECTRONIC BAND STRUCTURES AND OPTICAL

PROPERTIES OF AMORPHOUS Se AND Te

Using the pseudopotential form factors of Kra-
mer et al.""as a starting point, we first calcula-
ted the band structures and densities of states of
the trigonal crystals. The form factors were ad-
justed until a good agreement between the struc-
tures in the calculated and experimentally" de-
duced densities of states was obtained. The den-
sity of states obtained using 900 k points in the
irreducible part of the Brillouin zone with no
broadening function is shown in Fig. 1. Our final
results for the band structures of the trigonal
crystals, which are in agreement with those of
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FIG. 1. (a) Electronic density of states of trigonal Se. @) Electronic density of states of trigonal Te.
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Joannopoulos et al. ,
' are shown in Fig. 2. Using

these form factors, properly scaled, calculations
were repeated for five different values of the
first- and second-nearest-neighbor distances.
'The band structures of the trigonal Se and Te
crystals when the interchain distances are in-
creased by 8 jo and 4/0, respectively, keeping the
intrachain distances fixed are shown by the dashed
curve in Fig. 2. One can see that there are notice-
able changes from the band structures of the nor-
mal trigonal crystals. 'The resulting densities of
states were averaged using weighting functions of
the form'

p51 ig

where x„and r~ are, respectively, the first- and
second-nearest-neighbor distances (which corres-
pond to the shortest intrachain and interchain distan-
ces) in the amorphous materials, and a, and o, are
the spread of the first and second peaks in the
amorphous RDF due to disorder. x„was set equal
to the trigonal r, for both Se and Te, while r„was
taken to be 108% of the trigonal r, for Se and 104%
of the trigonal x, for Te, for reasons explained
earlier. o, and v, were determined from the ex-
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perimental RDF's with the help of the relation'

i iam i thermal iam i crystal

From the experimentally"" determined RDF's
the values shown in Table I were obtained for the
various o's. Calculated densities of states for the
two disordered elements are compared with those
deduced from the photoemission experiments" in
Fig. 3.

Our results favor the density pf states obtained
by Kramer et ~l.' using the empirical pseudopoten-
tial method, over those of Hartmann and Mahanti, '
who used a tight-binding approximation, and of
Chen, 4 who employed molecu1. ar orbitals. For
a-Se the width of the p-like valence bands in our
calculation is about 7 eV, which is close to Kra-
mer's value of 8 eV. Chen's theoretical results,
which agreed with Nielsen's' observation that the

TABLE I. Relevant structural parameters for amor-
phous Se and Te. All g's are in A units.

0"l~ 0'1 &2a ~2c

Se(Ref. 12) 0.125 0.08 0.096 0.2 0.16 0.12
Te(Ref. 15) 0.125 0.1 0.07 0.138 0.1 0.095

entire valence-band width of a-Se was no more
than 9 eV, is at variance with our result as well
as the recent photoemission experiments, ' in
which the P -like valence bands had a width of 8 eV
and the s-like bands, 10 eV. Nielsen's experi-
ment obviously did not detect the s bands and this
is due to the fact' that Nielsen used 21.2 eV pho-
tons and the electrons emitted from the lower s
bands had energy 8 eV above the top of the valence
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band, which overlapped with a minimum in the
conduction band density of states. The merging
of s- and p-like bands proposed by Chen is not
supported by our calculation. 'The recent photo-
emission experiments' did not show this merging
either. For a-Te, the triplet structure in the p,
bands predicted by Hartmann and Mahanti' is not
obtained in our calculation or in the recent exper-
iments, "in accordance with Kramer's result.
This structure probably resulted from Hartmann
and Mahanti's assumption of perfect short-range
order which vanished abruptly beyond a given clus-
ter. A gradual loss of crystalline order with in-
creasing distance would be more realistic. The

p y peak in our calcu lation is a doublet, in ace or-
dance with Kramer's result, but is shifted towards

lower energy by about 1 eV. However, our p, peak
is a singlet, in closer agreement with Hartmann
and Mahanti's result than with that of Kramer
et al.

On comparing the crystalline and amorphous
densities of states obtained in this calculation, we
note the following: The doublet structure in the

p, -like states is preserved. However, the lower-
energy peak is enhanced in strength while the high-
er-energy peak is diminished. This is due to the
fact that these two peaks are associated with in-
trachain and interchain bonding states, respective-
ly. %hen the chains are pulled apart, the inter-
chain bonding becomes weaker and more electrons
are localized within the chains.

Photoemission experiments" reveal this be-
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havior in a-Te, but the opposite in a-Se. The ef-
fect of pulling the chains apart is to weaken the
Van der Waals bonding between the chains and

strengthen the covalent bonds in the chains. Ex-
periments" show that the bonding in a-Te is in-
deed more covalent than in trigonal Te. The
agreement between our results and the experi-
mental findings on a-Te suggest that our model
for a-Te is quite adequate. In the case of Se, it
has long been believed' ""that a-Se consisted of
chains and rings in relative proportions, which
depended on the method of sample preparation.
Our model contains only the chains found in the
trigonal form and does not include the rings found
in the monoclinic form. In order to explain all
of the experimental findings on a-Se, a model in-
corporating both chains and rings is needed. Un-
fortunately, the unit cell of monoclinic Se contains
a large number of atoms, and this makes empiri-
cal pseudopotential calculations of it extremely
complicated. " ' We also note that, in going from
the trigonal to the amorphous form, the states on
the high-energy side of the s-like peak associated
with interchain states are lowered in energy
towards the intrachain states, causing the dip to
fill up. While the experiments of Schluter et al. '
show that the dip does fill up, those of Shevchik
et al. ' show that the dip deepens. This discrepan-
cy has been explained' as being due to the presence
of sixfold rings deepening the dip, while eightfold
rings fill up the dip. Our model does not assume
the presence of odd- or even-membered rings,
and hence is incapable of making any explicit con-

elusion about the nature of the rings. The filling
up of the dip in our calculation is due to the weak-
ening of interchain bonds, causing a transfer of
electrons from between the chains to inside the
chains.

The imaginary parts of the dielectric functions
Ic,(&u)] for the two amorphous materials were cal-
culated using the nondirect transition model" and
energy-dependent oscillator strengths. " The re-
sults are compared with those deduced from the
ref lectivity measurements of Leiga" and Stuke"
in Fig. 4. The agreement is seen to be good.

V. CONCLUSION

The empirical pseudopotential method is com-
bined with a local-density-disorder model to pre-
dict the electronic density of states and dielectric
response functions of amorphous Se and Te. The
experimental results favor pseudopotential calcu-
lations over tight-binding and molecular-orbitals
methods. The results of the pseudopotential cal-
culation are significantly improved when the pseu-
dopotential form factors are obtained by fitting the
theoretical density of states to the experimental
result, and the model used for the amorphous
materials is closely related to available structural
information.
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