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The structure of evaporated As,S;, As,Se;, and GeSe, films, and the influence of annealing at the glass-
transition temperature, are studied by extended x-ray-absorption fine structure (EXAFS) and by Raman
spectroscopy. In addition, the topology of each film is analyzed by calculating the x-ray diffraction for
several models. The films were prepared by evaporation onto subsirates held near room temperature. All the
as-deposited films exhibited significant homopolar bonding in contrast to the almost totally heteropolar
bonding of the corresponding bulk quenched glasses. Upon annealing of .the films, the measurements indicate
that the density of homopolar bonds decreases, and the films more closely resemble the bulk quenched
glasses. The Raman spectra are quantitatively analyzed with two models to characterize the disorder, and
then compared to the EXAFS results. The analysis indicates an As-As coordination of ~ 0.6 and ~ 0.4 and a
Ge-Ge coordination of ~ 0.3 for the As,S;, As,Se;, and GeSe, as-deposited films, respectively. The
measurements also indicate that the As-As bonds of the As,S; film are incorporated into S,As-AsS, units,
suggesting the presence of As,S, molecules. Calculations using this model are in good agreement with x-ray
diffraction data in the literature. The data from As,Se; evaporated films also indicate that molecular
structures may be present. There is no evidence, however, for molecular structures in GeSe, films.

I. INTRODUCTION

It is well known that the structure and properties
of amorphous semiconductors are sensitive to the
method of preparation.! For example, evaporated
films of germanium and arsenic chalcogenides
have x-ray-diffraction and optical absorption prop-
erties that are significantly different from the cor-
responding bulk glasses.?"* However, annealing
at the glass-transition temperature reduces these
differences, and the properties of the resulting
annealed films are indistinguishable from those of
bulk glasses.? The purpose of this paper and the
following one (called Paper M) is to study the
changes that occur on annealing in three mater-
ials: As,S,, As,Se;, and GeSe,. More specifical-
ly, the local order and atomic structure are
probed by extended x-ray-absorption fine structure
(EXAFS) and by Raman spectroscopy. These
methods together provide quantitative data on the
extent of chemical ordering in these materials,
and allow more precise models to be made for the
thermally induced structural changes. In Paper
II, the accompanying changes in optical absorption
are measured and explained quantitatively on the
basis of the observed structural changes.

The atomic structure of a binary alloy is de-
termined by the atomic coordination, the relative
occurrence of homopolar and heteropolar bonds,
and the bonding topology. The chalcogenide
glasses, quenched from the melt, form chemically
ordered networks at the compositions As,S,,
As,Se,, and GeSe,.> The Ge, As, and chalcogen
atoms are four-, three-, and twofold coordinated,
respectively, and homopolar bonds are highly sup-

18

pressed. In consequence, the local order is de-
scribed by specific atomic clusters which are
As-S, and As-Se; pyramidal units for the As,S,

and As,Se, glasses and Ge-Se, tetrahedral units for
the GeSe, glass.®® In alloy compositions which are
chalcogen rich from As,S,;, As,Se,, or GeSe,, the
pyramidal and tetrahedral units are preserved,

but chalcogen-chalcogen bonds are introduced into
the network.>’® When the chalcogen fraction is
sufficiently high, S; or Se, rings are known to
exist.’ In As- or Ge-rich compositions, the pyr-
amidal and tetrahedral units are no longer com-
pletely preserved. Instead, in As,S,_, when

x>0.4, the glass is apparently composed of only
As-8, and S,As-AsS, units. Similarly, in Ge,Se, _,,
when 0.33 <x<0.40, the glass is composed of
Ge-Se, and Se,Ge-GeSe, units.” The chemical or-
der in As-rich As Se,_, glasses has not yet been
established, and random-bonding configurations
may occur.® '

While the local atomic clusters exhibit strong
effects on the vibrational spectra, the topology
must also be considered. Thus the bulk glass-
es are believed to be formed into a fully
cross-linked random network connecting the:
atomic units. In GeSe,, Raman measurements in-
dicate that 12-membered rings (Ge,Se,;) form the
basis of the network.!®!! While ring structures
certainly exist in the As-chalcogenide glasses, no
features in the vibrational spectra have as yet been
assigned to these structures.

Some indications of the structure of the evapor-
ated films are provided by the x-ray-diffraction
studies of deNeufville ef al.? and Apling et al.}
They show that in As,S, thermal annealing causes
a large reduction in strength, as well as a slight
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shift in position of the first diffraction peak near

1 fk", and they suggest that polymerization of a
molecular species during annealing provides an
explanation of this striking result. Raman studies
by Solin and Papatheodorou'? support this proposi-
tion. Furthermore, Apling ef al.® find As-As
bonds in as-deposited films, limiting the types of
molecules that may be involved. In our work, we
obtain more evidence to support this description
of the structural transformation in As,S,, and de-
velop a more detailed model of the process and the
related processes in As,Se, and GeSe,.

The remainder of the paper is presented in three
parts. In Sec. II the details of our experiments and
the methods of analysis, particularly for the
EXAFS studies, are described. Our results are
presented in Sec. III. The implications of the data,
for both the chemical order and the topology of
evaporated and annealed films, are discussed in
Sec. IV.

II. EXPERIMENTAL CONSIDERATIONS
A. Sample preparation and composition

The films were evaporated from a tantalum boat
onto polyamide (Kapton) or Corning 7059 glass
substrates held near room temperature, after a
base pressure of 1X 10" Torr had been achieved
in the deposition system. The boat temperature
was chosen in each case to give a deposition rate
of approximately 1 um min™ when a source to sub-
strate distance of about 8 in. was used. Samples
with thicknesses ranging from 10 to 50 um were
thenprepared in this way by deposition of a measured
amount of material. For thicknesses above about
20 pm, the material was divided between two
boats, which were heated sequentially without
breaking the vacuum. The chemical composition
of the deposited films established by Raman and
microprobe analysis is shown in Table I.

Several samples of each material were annealed
in an inert atmosphere for 1-2 h, just below the

appropriate glass-transition temperature. The
one exception to this procedure occurred with
GeSe, samples on polyamide substrates, which
were only used in EXAFS experiments. In this
case, the samples could not be fully annealed be-
cause of the thermal instability of polyamide at

the glass-transition temperature of GeSe, (380 °C),
and a considerably lower temperature of 180 °C had
to be used. Further details of the annealing con-
ditions are shown in Table I.

B. EXAFS experiment

The measurements were carried out using the
EXAFS facilities at the Stanford Synchrotron
Radiation Laboratory. A {111) channel-cut Si
crystal was used in the monochromator, the
stored electron-beam energy was 2.8 GeV, and
copper and nickel foils were used to calibrate the
photon energy and to verify the absence of second-
order beams. The samples were mounted within
a radiation shield on the cold finger of a liquid-
nitrogen-cooled cryostat, and temperatures in the
vicinity of 85 K were obtained.

The EXAFS is manifest as a series of oscilla-
tions in the cross section for K-shell absorption,
and has been discussed in detail in the literature.'?
The amplitude and phase of these oscillations are
determined by the position, type, and number of
the atoms neighboring the excited atom. In this
work, the absorption cross section was measured
in a transmission geometry. For all samples the
ratio of incident to transmitted x-ray intensity
was recorded as a function of photon energy from
0.9 keV below to 1.6 keV above the appropriate K
edge.

Using procedures that have been described in
detail elsewhere,'* the EXAFS as a function of
final-state electron momentum %2 was extracted
from the raw data and Fourier transformed to
real space. The resultant complex transform
¢,(7) for the K shell of atom species a can then

TABLE 1. Preparation and composition parameters for As- and Ge-chalcogenide films.
The errors in the composition measurement are indicated in the parentheses.

Nominal Actual Deposition Thickness Annealing
composition composition rate (km/min) (4m) temperature (°C)
As,Sy AsypS;e?  (20.5) 2 30 180
As,Se, AsgSes®  (£1.5) 1.5 45 180
GeSe, Gegy ¢Segq.4” (£0.5) 1.2 45 330°¢

2 Determined from electron microprobe, Raman, and EXAFS measurements.
b Determined essentially from Raman measurements.
¢ Samples on glass substrates. Those on polyamide were annealed at ~180°C.
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be expressed as a sum of contributions from ea
coordination shell of atoms surrounding that atom:

<i>a(r)=}:‘a

where »>0 and p,, is the racial distribution func-
tion of atom species B about the excited atom «.
Thus ¢ is a pair correlation function convolved
with a peak function £, ,(7), which involves the
complex ¢ matrix of the scattering atom B, the
final-state electron lifetime, and the initial phase
shift due to the excited-atom potential. Because &
also depends on the way in which the finite range
of k-space data are treated, it is important to use
the same treatment for all transforms that are to
be compared. In each case, we use a square win-
dow that has been Gaussian broadened with o,

=0.7 A"." Previous work'® has shown that £ is in-
sensitive to changes in crystal structure, local
bonding, thermal effects, etc. Accordingly, our
analysis of the data is based on the assumption
that the ¢ differ only because of differences in

Do s(7) from sample to sample. Thus the shift or
broadening of a peak in the p(r) appears as a linear
shift of the peak function in ¢ or a convolution of
it with a Gaussian, respectively. ¢ is then a
linear combination of £,,’s, appropriately broad-
ened and shifted.

The analysis of the EXAFS from an unknown then
proceeds in the following well-established man-
ner.'*"'® The £, for each pair of excited and scat-
tering atoms is extracted from known samples,
typically the elemental materials and stoichiomet-
ric bulk glasses. A model set of p,4(r) is con-
structed for the unknown, and used with the stan-
dard §,,’s to generate a simulated ¢,. This ¢, is
compared numerically with the measured ¢, and
the model p,, are adjusted to achieve agreement.
The best fit is determined by a minimum in

%‘Paa(r')iw(r— r’), (1)

— -1 Re(¢ ¢s)]
(@N) Z (Re¢)? + (Redd /dr)?

(Im¢)? + (Imd¢ /dr )2’

where the sums are over all N data points in the

. range (v,,7,), chosen to include the major part of
the peak inquestion. This measure of the quality of
fit is a standard fractional difference least squares
for the real and imaginary parts individually, ex~
cept for the d¢ /dr terms in the denominators.
These terms have been introduced to enhance the
sensitivity of R to variations in the shape of the
peaks in p(7) at the expense of some of its extra-
ordinary sensitivity to position. The p,, s(7) which
result from this analysis are the desired end
products.

C. Raman experiment

Polarized Raman spectra were obtained using
either 6471-, 7525-, or 7993-A krypton-ion
laser excitation, at less than 20-mW incident
power. The evaporated films on 7059 glass sub-
strates were used, and for both film and bulk-
glass samples, a backscatter configuration was
employed. The scattered light, which was col-
lected at an angle of ~25° from the incident laser
radiation, was dispersed using a Spex 14018 double
monochromator equipped with a third monochro-
mator. The incident laser light was polarized
either parallel (H) or perpendicular (V) to the
scattering plane, and focused with a cylindrical
lens to a vertical line on the sample surface. The
scattered light was always H-analyzed. Thus
polarization selection can be determined using the
HH and VH scattering configurations.

The use of low-power near-infrared or red lines
in the Raman measurement is particularly impor-
tant in these materials, since both thermal anneal-
ing and photoinduced structural changes ‘can be
avoided.'* Moreover, the deep penetration of the
light assures the measurement of bulk properties.
Even though the incident laser penetrates through
the film, scattered light from the substrate is
negligible because of the low scattering efficiency
and fine optical focusing.

III. RESULTS

A. EXAFS results

The Fourier transforms of the EXAFS from the
As K-shell absorption are shown in Fig, 1 for an
evaporated As,S, thin film, both as-deposited and
after annealing, and for the corresponding bulk
glass. The transforms reflect the As environment
in these materials. The small features below 1 A
are well understood to be artifacts of the data re-
duction.'**¢-'® Considering the first neighbor peak
at ~1.9 A two effects are obvious: the annealed
film and bulk glass are quite similar in nearest-
neighbor environment about As, while the as-
deposited film has a substantial additional feature
on the large-» side of the first-neighbor peak.

The small-7» half of the first peak in the as-depos-
ited film can be fit using the £,, ¢ extracted from
the bulk glass (the peak at 1.9 A in the bulk glass
represents S neighbors). The feature on the large-
v side of the first peak can then be examined by
subtracting the fitted curve (which represents S
neighbors about As) from the full »-space trans-
form of the data. The »-space transform of the as-
deposited As,S, film and the subtracted curve are
compared to the -space transform of bulk amor-
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FIG. 1. Extended x-ray-absorption fine-structure re-
sults from As,S; obtained from As K-shell absorption.
Data are shown after Fourier transformation into real
space: as-deposited film (a), evaporated film after an-
anealing at 180°C (), and bulk-glass sample (c). The
data are all transformed using a square window, K
=3.7-14.8 A -1, broadened by a Gaussian o, =0.7 A -1,
The real part (solid) and the magnitude (dotted) of the
complex Fourier transform are shown. The vertical
scales are arbitrary but identical.

phous As in Fig. 2.!" The additional feature is
clearly displayed in the subtracted curve. This
feature is very different from that due to S scat-

T T I T T
(a) EVAPORATED As,S, (VIRGIN)

— —— EVAPORATED/BULK/As

(b) EVAPORATED/BULK

(c) BULK As

¢ (r) AND A¢ (r) (Arbitrary Units)

] L ] ]
0.0 1.0 2.0 3.0 4.0 5.0
r(A)

FIG. 2. Extended x-ray-absorption fine-structure data
Fourier transformed into real space: as-deposited As,S;
film (a), as-deposited after subtracting contribution due
to S nearest neighbors (b) and bulk amorphous As (c)
(see Ref. 17). The real part (solid) and the magnitude
(dotted) of the complex Fourier transform are shown.

terers [see Fig. 1c], but is precisely like that for
As scatterers in pure As. This is a conclusive
identification of As-As nearest neighbors in the
as-deposited film, The distribution of neighbors
about As for the as-deposited, annealed, and bulk-
glass samples are displayed in Fig. 3. The peak
widths represent the distribution in bond distances.
More specifically, the first-neighbor shell about
As in the as-deposited film contains 2.40 S atoms
at 2.26 A and 0.60 As atoms at 2.54 A, Upon an-
nealing, the first-neighbor shell changes to 2.80

S atoms at 2.27 A and 0.20 As atoms at 2.56 A.
These remaining As atoms correspond to the re-
duced shoulder on the high-» side of the first peak
in Fig. 1(b), and is completely accounted for by the
slight departure from the nominal composition of
As,S, noted in Table I. The uncertainty in the
number of As neighbors is +0.05. There is also a
small feature at ~3.2 A in each sample due to As
atoms at ~3.5 A. This is an unusually well-defined
peak for this distance in an amorphous solid, sug-
gesting intermediate-range order. Our principal
conclusion from this data is that the as-deposited
films have a substantial number of homopolar
bonds (As-As), which are largely eliminated on
annealing.

(a) EVAPORATED
(VIRGIN)

(b) EVAPORATED
(ANNEALED)

p (r)/r?

(e}  BULK

FIG. 3. Atomic density as a function of distance from
the As atoms in As,S;. The peak at 2.55 A is identified
as As neighbors.
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FIG. 4. Extended x-ray-absorption fine-structure
real-space results of As,Se; as-deposited film (a) and
melt-quenched glass (b) and bulk amorphous As (¢). All
spectra were obtained from As K-shell absorption. The
data are all transformed using a square window, K
=38.5-12.05 A -1, broadened by a Gaussian, ¢,=0.7 A-1,
The real part (solid) and the magnitude (dotted) of the
complex Fourier transform are shown. The vertical
scales are arbitrary but identical.

The EXAFS measurements on As,Se, and GeSe,
cannot, however, be unambiguously interpreted.
The 7-space transform of the EXAFS on the As
K shell for as-deposited film and bulk-glass sam-
ples of As,Se, are compared to the v-space data
of amorphous As in Fig. 4. The corresponding data
for GeSe, are shown in Fig. 5. Because the scat-
tering signals of the constituents are nearly iden-
tical in shape and position, an analysis like that
used for As,S, films is not possible. Consequent-
ly, the analysis was limited to a simple question:
does adding homopolar bonds improve the com-
parison between the bulk glass and the as-depos-
ited film? In the case of As,Se,, the comparison
between the bulk glass and the as-deposited film
suggests that there may be-as many as 10%-15%
like nearest neighbors, compared to 20% in
As,S,. In the case of GeSe,, the EXAFS gave no
indication of homopolar bonds in the as-deposited
film. The uncertainty associated with this analy-
sis for As,Se; and GeSe, allows error limits of
+10% onthe homopolar coordination. We note here
that, asinthe case of As,S,, the data for the bulk glass
As,Se, and GeSe, indicate signal at beyond 3 A due
to second-nearest neighbors. Identification of this

T T T T T
(a) EVAPORATED
(VIRGIN)
[
5 (b) BULK
I
e _
Py
(c) a—Ge
| ] ! ] L |
0 1 2 3 a 5
r (A)

FIG. 5. Extended x-ray-absorption fine-structure
real-space results of GeSe, as-deposited film (a) and
melt-quenched glass (b) and amorphous Ge (c) (see Ref.
14). All spectra were obtained from Ge K-shell absorp-
tion. The data are all transformed using a square win-
dow, K=4.6-16.1 A -1, broadened by a Gaussian, ¢
=0.7 A1, The real part (solid) and the magnitude
(dotted) of the complex Fourier transform are shown.
The vertical scales are arbitrary but identical.

w

neighbor is not possible, however, due to the
weakness of the signal and similarities in scatter-
ing shapes.

B. Raman results

Information about the local order of evaporated
films is obtained by comparing the Raman spectra
with those of the bulk-glass alloy system, where
various atomic units have already been identified.
Accordingly, our spectra for the as-deposited,
annealed, and bulk-glass forms of As,S, are shown
in Fig. 6 and off-stoichiometric glasses in Fig. 7.
The spectra of the films are similar to those re-
ported by Solin and Papatheodorou,'? and contain
several relatively sharp lines imposed on a con-
tinuum background. The sharp lines of the as-
deposited film decrease in intensity or disappear
upon annealing, and the spectrum then more nearly
resembles that of the stoichiometric bulk glass.
More specifically, the spectrum of the As, ,,S, .5
glass bears a strong resemblence to the annealed
evaporated film. All the sharp spectral features
of the as-deposited and the annealed films, ex-
cept one at ~490 cm™, are evident in the spectrum
of the As, ,,S, ;5 bulk glass. This is a definite in-
dication that the new features arise from struc-
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FIG. 6. HH Raman spectra of As,S; as-deposited and
annealed evaporated films and the bulk glass. The
dashed arrow indicates a mode that is attributable to
atomic configurations that contain S-S bonds, while the
solid arrows indicate modes due to As-As bonding config-
urations.
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FIG. 7. HH Raman spectra of Asg 3,Sy.7o and Asg_4S, 53
bulk glasses. The additional features noted in Fig. 2 are
evident.
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tures containing As-As bonds. In fact, the ob-
served spectral features have been shown to be
consistent with modes of a local atomic structure
containing two threefold-coordinated As atoms
with one mutual bond and the remaining bonds
terminated on S atoms (S,As-AsS,).® We note here
that an As,S, molecule is composed of two of these
structures interconnected.?

The origin of the feature at 490 cm™ becomes
clear through a comparison with the spectrum of
a S-rich bulk glass which shows a doublet in this
region (see Fig. 7). The lower-frequency com-
ponent has been attributed to S; rings, while the
higher-frequency component at ~490 cm™ repre-
sents S-S bonds polymerized in the glass net-
work.? It is therefore evident that the evaporated
film contains both As-As and S-S bonds, in agree-
ment with EXAFS. These homopolar bonds are
largely eliminated by annealing. However, the
remanent As-As bond density in the annealed film
shows that the sample is ~2-at.%-As rich, again
in agreement with EXAFS. This result is con-
firmed by electron microprobe analysis. The
Raman measurements also indicate that the local
order around the As-As bonds is the same as in
the As-rich glasses. Furthermore, a quantitative
evaluation of the bond densities can be obtained
from the bond statistics, as discussed in Sec. OI.

The As-Se system, which bears many similari-
ties to the As-S system, may also be expected to
show new features in the as-deposited films (both
systems have similar T,, 230 °C for As,S, and
180 °C for As,Se,). The Raman spectra of the as-
deposited, annealed, and bulk-glass As,Se, sam-
ples are shown in Fig. 8. While there are signif-
icant differences in the spectra of the as-depos-
ited, annealed, and bulk samples, they are not
nearly so dramatic as in As,S,. However, this is
paralleled by the small changes in the spectra of
the off-stoichiometric glasses, as demonstrated
in Fig. 9. One reason for the insensitivity to com-
position is that the masses of As and Se are nearly
identical, so that the vibrational frequencies of
different atomic units can be very similar. In
light of this reduced sensitivity, the weak features
at ~100 and ~150 cm™ and the shift of the strongest
peak are indications of significant As-As bonding
in the as-deposited films. These features lose in-
tensity upon annealing, but still remain weakly
evident. In addition, there is a weak shoulder at
~250 cm™ that may indicate either Se-Se or As-As
bonds, since both As- and Se-rich bulk-glass
spectra have a shoulder here. In either case, it
is clear that homopolar bonds exist in the
As,Se, film that are annealed to As-Se bonds.
It also appears that the films are ~3-at.%-As rich,
similar to the As,S, evaporated films. Interpre-
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FIG. 8. HH Raman spectra of As,Se; as-deposited and
annealed evaporated films and the bulk glass. The
dashed line is added to show the shift of the strongest
mode. The solid arrows indicate features attributable
to As-As bonding configurations, while the dashed ar-
row shows a shoulder that may have origin in either
As-As or Se-Se bonding configurations.

tation of the spectral features of the films is more
difficult because the As-Se bulk-glass system has
not been shown to exhibit the simple local struc-
tural units that have been used to describe the
As-S system.

The spectra of the bulk glasses of Ge,Se,_, have,
however, been interpreted in terms of local atom-
ic clusters.”® The Raman spectra of the as-de-
posited film, annealed film, and bulk-glass GeSe,
are shown in Fig. 10. The mode at ~185 cm™ has
been identified as arising from two fourfold coor-
dinated Ge atoms with one mutual bond and all
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FIG. 9. HH Raman spectra of Asg 3,Seq, 7o and
As8,,505€q,50 bulk glasses. The additional features noted
in Fig. 4 are evident.

others to Se atoms (SesGe-GeSeg), and the mode
near 270 cm™ indicates Se-Se bonds. Both spec-
tral features are present in the as-evaporated
film and clearly decrease on annealing. Thus,
there is clear evidence for structures containing
both Ge-Ge and Se-Se bonds. In addition, the
strong mode at ~202 cm™ is broadened in the
film, which indicates the presence of local strain.
Finally, it is evident that the stoichiometry of the
annealed film is relatively close to GeSe,.

A quantitive analysis of the density of each type
of atomic unit observed in the Raman spectra of
the films requires a knowledge of the relative
scattering strengths. Fortunately, the bulk-glass
systems of As-S and Ge-Se are known to be com-
posed of only two structural units near the com-
pounds As,S, and GeSe,,*'® and therefore, the
relative concentrations of the two structures can
be easily determined. In Ge-rich glasses of com-
position Ge,Se, , the ratio of Se,Ge-GeSe, units to
Ge-Se, units, Rg,, is (2-5x)/(3x —1). Similarily,
in As-rich glasses where the composition is
As,S, _, (or As,Se, ), the ratio of S,As-AsS, to
As-S, units, R,,, is found to be (5x —2)/(4 - 8x).22
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FIG. 10. HH Raman spectra of GeSe, as-deposited and
annealed evaporated film and the bulk glass. The dashed
arrow indicates a mode that is attributable to atomic con-
figurations that contain Se-Se bonds, while the solid ar-
row indicates a mode due to Ge-Ge bonding configura-
tions.

From the calculated ratio of structural units, the
relative scattering strengths can then be obtained.
We have considered features that arise from the
structures on the As- or Ge-rich side of the stoi-
chiometric compounds, and have calculated these
ratios for the three films. The results for the
films both before and after annealing are shown in
Table II. Here we have assumed that the As-Se
system is similar to that of the As-S system. It
is interesting to note that the As,S, and As,Se,

films exhibit significantly larger ratios than the
GeSe, film; i.e., the GeSe, films show fewer
homopolar bonds.

IV. DISCUSSION

A. Chemical and local order

Both the EXAFS and the Raman results demon-
strate that homopolar bonds exist in the as-de-
posited films of As,S,, As,Se;, and GeSe,. How-
ever, these measurement techniques do not pro-
vide identical information. Extended x-ray-ab-
sorption fine structure gives a direct evaluation
of the average atomic coordination of each type of
atom investigated, while Raman spectroscopy is
sensitive to the local atomic units in the samples.
The specific atomic units that contain the homo-
polar bonds can often be identified. Thus in this
section, the EXAFS and Raman results are com-
bined to determine the local and chemical order in
the films. In Sec. IV B, the implications of these
results on the topology of the network are con-
sidered.

The discussion concentrates on the coordination
and local structures of the' Ge and As atoms. In
particular, the As-chalcogenide or Ge-Se coor-
dination, C,,,q,., determined from EXAFS and the
ratio R,, /g, from the Raman, are both related to
the chemical disorder of the films. The relation-
ship of R to C is model dependent, and in the fol-
lowing, two different possibilities will be con-
sidered. Common to both models is the assump-
tion that the Ge, As, and chalcogen atoms remain
four-, three-, and twofold coordinated, respec-
tively, for which there is strong experimental
support.2®-25 In the first model, we assume that
chemical disorder is on an atomic scale, and we
define a parameter P, which is the probability
that a Ge or As atom is bonded to a chalcogen.
Thus B = 1 represents the complete ordering found in
bulk glasses,® while P,=0.67 represents com-
pletely random bonding in GeSe, (in As,S, the value
is 0.6). In this random-configuration model
(RCM) a Ge atom may have zero to four Ge neigh-
bors. The probability that a Ge atom has n Ge
neighbors and 4-n Se neighbors is determined
solely by P, and is given by

TABLE II. Values of R, and R, determined from the
Raman measurements.

Nominal film R /e for R /e for
composition as-deposited films  annealed films
As,S; 0.65+0.10 0.15+0.02
As,ySeg 0.91+0.40 0.27x0.14
GeSe, 0.16+0.03 0.03+0.01
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TABLE III. Bonding statiétics, R, and C4, for the As-chalcogenide bulk glass and films.
The B and N represent the fractional bond and atomic densities. (Note that subscript C repre-

sents the chalcogenide.)

Bulk glass Film Film

As,Cy_ RCM oCcM

Bioul $(Nas+2N) $WN+2N) FWNag+2N,)
Be_as 2N¢ 3N, Pc 3N, Pc

B asas $(Ny—2No) N, (1-Pg) #N, (1-P()

- Be-c No-$Ny P No—4Ny Pe
Restriction 0.40 <x <0.50 (2Ng/3N, ) > Pe<1 (2No/3N,) >Pc<1
R, (5x —2)/(4=8x)  4P(1-Pc) (1=Po) /(2Pc~%)
Cas 2(1-x)/x 3Pc 3P¢

PL(1-P 4l /nl(4-nt).

Similarly, for the As-chalcogenide systems the
probability of the equivalent As configurations are

P3"(1-P)"3!/n1(3~n!).

It is clear that the RCM implies that the homo-
polar bonds occur in several different configura-
tions. For example, in As,S,, not all As-As bonds
occur in S,As-AsS, units. Therefore, Raman data
may reflect only a fraction of the total homopolar
bond densities, and could be interpreted to give
results that are very different from the EXAFS
results..

The second model assumes that there are chemi-
cally ordered species in the as-deposited film.
It is presumed that these reflect the structure of
the vapor or the off-stoichiometric bulk glasses,
a point that is discussed further in Sec. IV B.
Specifically, it is assumed that the ordered spe-

cies are just those observed in the Raman experi-
ments, for example, AsS;, S,As-AsS,, and S, in
As,S, films. In this ordered-configuration model
(OCM), the probability that an As atom has one
As neighbor is defined to be 3(1 - P ), while for
the Ge-containing films the equivalent probability
is 41-P C). These definitions are convenient be-
cause the average homopolar bond density is given
by identical expressions in both models. The dif-
ference between this model and the RCM is that
only As-As (or Ge-Ge) coordinations of zero or
unity are allowed, and by definition the Raman
measurements observe the total As-As bond den-
sity.

The bond statistics for the RCM and the OCM
are compared to the As- and Ge-rich bulk-glass
statistics in Tables Iiland IV. In the formalism
presented here, the relationship of the bond den-
sities to P, are identical for both models. While
the bond densities are written in terms of both P,
and the atomic densities, these parameters must
satisfy the indicated inequality relation. It is

TABLE IV. Bonding statistics, Rg, and Cg, for the GeSe, bulk glass and films. The B and
N represent the fractional bond and atomic densities. For consistency with Table III, subscript
C represents the chalcogenide which in this case is Se.

Bulk glass Film Film
Ge,Cyy RCM OCM

Btotal 2Nge +N¢ 2Ng.+N¢ ZNGe +Ng
Bc-ge 2N¢ 4N Pc 4N, Pc
Bgege 2Ng, = N¢ 2Ng (1 - Pg) 2NGe(1 = Pg)
Be-c N¢=2Ng, P N¢—2Ng P
Restriction 0.33<x<0.40 (Ng/2Ng,) >Pc<1 (Ng/2Ng,) >Pc<1
R, 3x -1 2P4(1 - Pg) (1—P¢)/(2Pc—%)
Cae 2(1-x)/x 4P¢ 4P¢
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FIG. 11. Ratio R, of Se;Ge-GeSe; units to GeSe, units
in GeSe, vs P, for both the RCM and the OCM.

clear that the basic difference between the two
models is in R, .. Since this value is used to
determine the bond statistics from the Raman re-
sults, the value of P obtained is model dependent.
The values of R, vs P, are shown in Fig. 11 for
GeSe, for boththe RCM and OCM. The Ramanand
EXAFSdata can be used to distinguish between the two
models. We proceed by first evaluating P, from
the Raman data according to both models, and the
results are shown in Table V. Next, values of

Cs/ce are found and compared with EXAFS re-
sults to determine which model provides the best
fit to the data. The results for the three films are
discussed separately.

The As,S, evaporated films allow the most
straightforward analysis because accurate data are
obtained from both EXAFS and Raman measure-
ments. From Table V, it is evident that the
Raman results cannot be described by the RCM.
The fact that the EXAFS results very closely agree
with the Raman data if the OCM is used indicates
that the As-As bonds are predominantly incor-
porated into S,As-AsS, units. The reasons for this
ordered unit are discussed inSec. IV B including the
possibility that the S,As-AsS, structure is part of
a molecule occurring in the vapor over As,S,.

The Raman measurements of GeSe, evaporated
films yield several results that contrast with those
of As,S;. There are considerably fewer homo-
polar bonds in the GeSe, evaporated films, and the
Raman results do not exclude the possibility that
the RCM applies. The EXAFS measurement of
this sample also indicates a low homopolar bond
density, but it is not sensitive enough to discrim-
inate between models. However, in Paper II, it
is found that P ,=0.92 would account for the shift
of the absorption edge on annealing. Although this
result is within the error of the RCM analysis, it
is possible that Ge environments with three or
four Ge neighbors are not allowed, since these
configurations are not found in the bulk glasses.

The results of the As,Se; films are the most dif-
ficult of the three samples to analyze since neither
the Raman nor the EXAF'S results can be unambig-
uously interpreted. It is clear, however, that a
significant density of homopolar bonds exists in
the as-deposited films. The Raman results given
in Table V seem to indicate that the film incor-
porates ordered structural units, although the
value of R, might be different if the features of
the bulk glass were interpreted differently. (R,
was obtained based on the assumption that the

TABLE V. Values of P¢ and C, . determined from Raman scattering and EXAFS measure-
ments. The Raman data is interpreted using a RCM and an OCM.

RCM OCM EXAFS
Film Pc c P Cas/ce Cas/ce
AsS As-deposited a 0.81 +0.01 2.44%0.04 2.40£0.05
S2°  Annealed 0.88 +0.02  2.64%0.06 0.92 £0.01 2.76+0.03 2.80%0.05
As-deposited a 0.78 £0.04 2.35+0.15 2.65+0.3
As,Ses
Annealed 0.76 +0.15  2.29%0.4  0.88 £0.04 2.650.15 3.0{%$:3
As-deposited  0.90 +0.025 3.56+0.10 0.94 £0.01 3.75+0.05 4.0{*J:)
GeSe  Annealed 0.985+0.01  3.94%0.05 0.985%0.01 3.95+0.05 4.0{%J

2 No fit to the data could be obtained with the RCM.
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bulk glass exhibits chemically ordered structures
as in As,S, . glasses. Another interpretation of
the Raman spectra of the bulk-glass system is
that the features may represent an average of sev-
eral different configurations.) Again, the EXAFS
results are not sufficiently accurate to distinguish
between the two models. However, the similarity
"of the As,S, and As,Se, systems may also argue
that the OCM at least partially applies.

B. Topology

The major thrust of this section is towards the
establishment of the relation between the local
order, as evidenced by the Raman and EXAFS
measurements, and the overall structure of as-
deposited and annealed films. Additional insight
into the problem is culled from two areas: the
way in which the bulk constituents evaporate and
the x-ray-diffraction features of as-deposited and
annealed material. .

The As,S, films again permit the most straight-
forward analysis. In Sec. IVA, we found agree-
ment between the Raman and EXAFS results if it
were assumed that the As-As bonds were all in-
corporated in S,As-AsS, structures. The fact that
these units do not occur in bulk-glass As,S, strong-
ly suggests that the chemical ordering in the films

T T T T

T=340°C

VH

RAMAN INTENSITY (arb. units)

0 | i 1 |
500 400 300 200 100 0
RAMAN SHIFT (cm—1)

FIG. 12, HH and VH Raman spectrum of realgar
(As;S,) liquid. The sample was contained in a sealed
quartz ampoule.

directly reflects the vapor species during evapor-
ation. We note that S,As-AsS, units occur in As,S,
molecules. Furthermore, the mass spectra of
the vapor during As,S; evaporation is dominated by
As,S, and S,.* We therefore examine further a
model in which the as-deposited film is a partially
polymerized mixture of As,S, and S, molecules.

We first note that all the Raman lines in Fig. 6
attributed to S,As-AsS, structures have counter-
parts in the Raman spectrum of As,S, liquid. The
spectrum of As,S, liquid taken just above the
melting point of realgar is shown in Fig. 12.
Moreover, the pairs of lines have identical polar-
ization properties. This observation is not iden-
tical to the conclusion of Solin and Papatheodorou,
who noted that more polarized modes were ob-
served than could be accounted for by their group-
theoretical analysis for a symmetric As,S, mole-
cule.'?” Evidently, the distortions of the molecule
induced by intermolecular coupling cannot be ig-
nored. In fact, their importance is clear from the
considerable differences (~10 cm™) between the
Raman spectra of the ¢ and B forms of realgar
(crystalline As,S,).%

But is this molecularlike model of as-deposited
materials also consistent with x-ray-diffraction
studies? Both deNeufville et al.? and Apling et
al B invoked a molecular glass model based on
As,S; molecules to explain the sharp first diffrac-
tion peak shown in Fig. 13, but the model was not
consistent with the scattering at larger angles.
Apling et al.® also suggested that the presence of
some As,S, and S, molecules could explain the
shape of the first peak in the radial distribution
function, but they did not compare this model
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FIG. 13. Reduced scattered intensity ki(k), vs k:
measured on an evaporated film with composition
AsySy3s (Ref. 3) (a), calculated for a dense random
packing of As;S, molecules (b) and calculated for a single
isolated As,S, molecule (c).
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either with the radial distribution function at lar-
ger radii or with the x-ray diffraction. Thus the
limitations of their model are not well established.

For the purpose of calculation, we assume that
an as-deposited film prior to polymerization con-
sists of a random packing of randomly oriented
As,S, molecules (the additional sulphur atoms, of
course, reside in the interstices of the structure).
We obtain the appropriate packing fraction of this
system by using the molecular diameter of an
As,S, molecule in realgar and the mass density
assignable to such molecules. Then, the intensity
I(%) scattered by the As,S, molecules at scattering
amplitude & is calculated by the method of Egel-
staff et al.¥ In our work, as in that of Apling et
al B the structure factor of a dense random packing
is calculated by the method of Percus and Yevick?®
for the appropriate molecular diameter and pack-
ing faction, here 6 A and 0.46, respectively. Sim-
ilarly, the form factors, f; for the ith atom, of
Cromer and Waber were used.” The results, dis-
played as

kz’(k)=k(1(k)-2;f%),

are normalized to the formula unit As,,S,,,, and
are compared in Fig. 13 with an experiment on
As,,S;35- We have shown that correlations involv-
ing the additional sulphur atoms have no qualita-
tive effect on our calculation, and our conclusions
can safely be based on the sulphur-deficient sys-
tem.

Several points should be noted. First, the loca-
tions of all of the peaks and valleys match exactly
although there is some disagreement in their am-
plitude, particularly at low k. Second, the ki(k)’s
of the packing and of an isolated As,S, molecule
are identical beyond about 3 A, and both closely
resemble in phase and magnitude the experimental-
ly measured ki(k). We conclude, therefore, that
the order within an As,S, molecule is a good re-
presentation of the order in the as-deposited film
over similar distances. Third, the peak near
2 A" is at lower k in the packing than in the iso-
lated molecule. We would suspect, therefore, that
this effect would be removed by polymerization
and that the peak near 2 A" would shift to higher %
as a result of annealing. This effect has been ob-
served. Finally, the first peak near 1.1 A™,
which is induced solely by the packing, is far too
large in our model. This effect occurs for two
reasons. At low k, the long-range correlations
are emphasized and our model cannot be expected
to correctly incorporate them. A more important
reason, however, is that both the EXAFS and
Raman results indicate that the coordination of
each arsenic is by 2.4 S and 0.6 As atoms on the

FIG. 14. Schematic representation of the mechanism
by which As,S, molecules and sulfur molecular units
polymerize to form an As,S; continuous network.

average, whereas the completely molecular model
has each As atom bonded to two S and one As
atoms. Our model must therefore be allowed to
polymerize in some regions, and it seems rea-
sonable that a reduction in intensity of the first
peak would result. (We note that the remaining
peak near 1.3 A™ in As,S, glass or fully annealed
film arises from correlations within a continuous
network, and is not to be thought of as the remnant
of the intermolecular correlations.)

How does polymerization occur within the frame-
work of our model? Evidently the change in local
order as demonstrated by the x-ray scattering be-
yond 3 A is small, yet many of the As-As and
S-S bonds must disappear. From a consideration
of Fig. 14, the mechanism by which these ap-
parently opposing requirements are achieved be-
comes clear. Two As,S, molecules are shown in
close proximity to an S, molecule. (Of course,
the sulphur pair could equally well be part of a
chain or another molecular unit.) This occurs in
many parts of the structure—in fact, at almost
all interstices. Polymerization is then indicated
by the arrows. One S atom is thus incorporated
into each As,S, molecule and by a repeat of this
and other related processes that can easily be
envisaged, a network of composition As,S, can be
constructed. The As-As and S-S bonds have dis-
appeared, yet the atomic movement has been
minimal!

The situation in As,Se, is less well defined for a
number of reasons. The features in the Raman
spectra of the glass have not yet been assigned to
specific structural units, and it was therefore an
assumption in Sec. III B that the additional features
in the spectra of the as-deposited film originated
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from Se,As-AsSe, units. Nevertheless, this ap-
proach did lead to the conclusion that the type and
amount of chemical disorder are quite similar in
both as-deposited As,S, and As,Se,. The mass
spectra of Leadbetter ef al.*® on the vapor above
As,Se, are also more complicated. In this case,
a considerable number of As,, As,Se, and As,Se,
molecules were observed in addition to Se, and
As,Se, molecules. Although this complexity might
be induced by additional fragmentation in the mass
spectrometer, any model for a molecular glass is
. potentially more complicated. Nevertheless, a
large decrease in strength-and a shift to higher
angles is observed for the first peak in the x-ray-
diffraction curve as a result of annealing.? It
therefore seems reasonable that a qualitatively
similar explanation to that in As,S; might be ap-
plicable here, but based perhaps on a distribution
of molecular types.

The situation in GeSe, is quantitatively and per-
haps qualitatively different. For example, there
is the significant difference between the percent-
ages of wrong bonds in GeSe, and As,Se, or As,S,,
as shown in Table V. Perhaps this is indicative
of the difficulty of forming and evaporating simple
molecular clusters of GeSe,. Certainly a mass
spectrographic study of the evaporant above GeSe,
would be of some interest. It is also tempting to
associate this quantitative difference with the
qualitative one obtained in x-ray-diffraction
studies of Ge,S, _, glasses by Cervinka and Hruby.>*
In those materials, a diffractionpeak whose inten-
sity decreases with x occurs near 1.1 A and has
an intensity in GeS, glass that is considerably
larger than that in As,S, glass. It is unlikely,
however, that its origin may be explained by a
molecular glass model, so that the possibility
must be considered seriously that the similar peak
in as-deposited GeSe, films originates from cor-
relations within a 4:2 coordinated network. In the
following, we propose a model that seems consis-
tent with these results.

Our model is based on an observation by Neman-
ich et al.'® that GeSe, glasses contain GeySe, rings,
within which the six Ge-Ge four-bond neighbor
distances are constrained to be close to 6 A. [The
Ge-Ge four-bond distance corresponds to
Ge(-Se-Ge-Se-)Ge linkages in the rings.] A typi-
cal ring is shown in Fig, 15. This situation is
quite different from As,S;, for example, in which
the rings are more distorted and high-order-bond
neighbor distances have a larger spread.?® In-
tuitively, this dramatic difference must arise
from the fewer spatial constraints on a system with
3:2 bonding as opposed to 4:2 bonding. We there-
fore argue that the repetition of 6 A correlations
throughout the structure will, from the Debye

formula, for example, as argued by deNeufville

et al 2 lead to strong scattering near 1.3 A, We
can also test the consistency of this model with x-
ray data by comparing the intensity scattered by a
ring with experimental measurements beyond the
first peak. The positions of the atoms in the ring
were determined from a ball and stick model,
where the Ge atoms exhibited tetrahedral coor-
dination and the bond angle at the two-fold coor-
dinated Se atoms was 90°. In order to obtain the
correct composition dependence, an additional Se
atom was attached to each Ge atom of the Ge,Se,
ring. The calculation proceeds exactly as before.
(Of course, the first peak will not be reproduced
in such a calculation because it depends on correl-
ations between rings.) The result for the GesSe,,
ring structure is shown in Fig. 15, and compared
to the experimentally measured but uncorrected
scattered intensity of Fawcett ef al.?® The agree-
ment between the calculated and experimental fea-
tures is excellent. We have found, moreover, that
this level of agreement does require atomic cor-
relations that extend considerably beyond the basic
GeSe, tetrahedron.

There are numerous predictions based on this
model. First, any chemical disorder present in
an evaporated film is part of a network and occurs
accidently. This is in direct contrast to the situ-

1 (k) (arb. units)

k (A=)

FIG. 15. Scattered intensity I(k) vs k: measured on an
evaporated film with composition GeSe, (Ref. 24) (a) and
calculated for the GegSey, ring (b) shown in the insert.
Note that the experimental data were not corrected for
multiple scattering, etc., and the calculated experimen-
tal (iur;res were arbitrarily normalized at the peak near
2.2A-1,



ation in As,S,, in which the chemical disorder is

a necessary part of the deposition process and
chemical ordering occurs only by polymerization.
Second, the peak near 1.1 A should not be af-
fected significantly by annealing, if the number of
wrong bonds is small, and if anything should be
larger in the annealed film. Again, this is a clear
difference between the behavior of this and a
molecular model. Third, a decrease in the inten-
sity of the first diffraction peak is expected with
increasing x in Ge,S, , glasses, for instance, since
the number of Ge(-S-Ge-S-)Ge distances will be
decreased by the increase in the number of poorly
defined Ge(-S-Ge-Ge-S-)Ge distances. This again
is a noted feature of Cervinka and Hruby’s work

on Ge,S,

%o
V. SUMMARY

The local order and topology of evaporated and
annealed films of As,S,, As,Se,, and GeSe, have
been investigated. Both Raman and EXAFS mea-
surements show that evaporated films contain a
substantial density of homopolar bonds which are
mostly eliminated by annealing. Two models for
the incorporation of homopolar bonds are ana-
lyzed. The first assumes that evaporation leads to
a randomization of the possible bonding configura-
tions. The second assumes that only specific
atomic units occur, which are derived from the
vapor species. Calculation of bonding statistics
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demonstrates that a combination of EXAFS and
Raman measurements can distinguish between the
two models. We conclude that in evaporated
As,S,, the homopolar bonds occur only in S,As-
AsS, units. A similar ordered unit is possible

in As,Se,. However, evaporated GeSe, is appar-
ently more random.

It is argued that the presence of ordered units in
the films is a consequence of the specific vapor
species that occur during evaporation. In the case
of As,S,, a model is analyzed in which As,S, mo-
lecules and S-rich units are partially polymerized .
in the film. This model is shown to give x-ray
diffraction in good agreement with experimental
observations. The data suggest that evaporated
GeSe, does not contain well-defined molecular
species. :
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