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with reversible photostructural changes in arsenic trisulfide films
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Extended x-ray-absorption fine-structure measurements have been made on three reversible and
reproducible cycles of thermally annealed and light-soaked amorphous As2S3 films. Associated
with the light-soaked material are (1) a very small increase in the population of wrong bonds in
the first shell, (2) an enlarged As —S—As bond angle with an expansion of As —As distance in
the second shell, (3) a larger spread in the distribution of As —S—As bond angles, and (4) an ab-
sence of any change in the third As —S shell. From these data, we present the first quantitative
correlation between observed local atomic structural changes and measured macroscopic proper-
ties that are associated with photodarkening. Our data demonstrate that the photoinduced
structural changes mainly involve bonding alterations at S atoms as well as a change in the
dihedral angle relationship between adjacent AsS3 pyramids joined at S atoms.

I. INTRODUCTION

The determination of the atomic structure of amor-
phous semiconductors has long been a much sought but
seldom attained goal. For example, several models have
been proposed for the structure of the well-characterized
material a-As2S3. A whole arsenal of experimental stud-
ies, including x-ray and neutron scattering, infrared ab-
sorption spectroscopy, viscosity, and nuclear quadrupole
resonance have lead to a strong suggestion that glassy
(g-) As2S3 has a layered structure similar to that of crys-
talline (c-) As2S3 or orpiment. Yet some investigators
suggest that scattering data do not provide strong evi-
dence for a layered structure. Alternative structural
descriptions of the structure of As2S3 in terms of the
packing of molecular units have also been suggested.
deNeufville et al. have proposed a model based on
dense random packing of As4S6 molecules because they
believed that vapor in equilibrium with liquid As2S3 de-
rived by melting the bulk glass is composed solely of
As4S6 molecules. The existence of this molecular struc-
ture is questionable, since random packing of As4S6 mol-
ecules could not be experimentally identified. Another
molecular model based on As4S4 molecules is supported
by Raman, extended x-ray-absorption fine-structure
(EXAFS), and diffraction data. Phillips has suggested
that "structural units comprised of twenty atoms" are
present in As2S3 glass. It is clear that as yet there is no
complete agreement as to the structure of glassy As2S3.

An important factor which contributes to this lack of
agreement among the proposed models is the method of
preparation. Amorphous As2S3 may be prepared by eva-
poration or quenching from the melt. Indeed our study
of the effect of quenching on the structure of
stoichiometric bulk glasses has demonstrated that the
structure of g-As2S3 is not unique. Furthermore, it is
now widely realized that the structure of evaporated a-
As2S3 films differs significantly from the structure of

parent bulk As2S3 glasses. Also noteworthy is the fact
that the structure of a- and g-As2S3 can also be varied by
thermal-annealing and photoinduced processes. Despite
a considerable research effort in the past decade, the ori-
gin of the reversible photostructural changes observed in
a-As2S3 has eluded determination.

Because of their structural flexibility, a-As2S3 films
and bulk samples exhibit large photoinduced structural
changes. These photoinduced phenomena are observed
as either irreversible or reversible changes, depending on
the previous history of the sample. The reversible
changes seen in the films and glasses are fundamentally
more interesting, since the irreversible changes can be
understood ' in terms of photopolymerization of more
molecularlike initial configurations. The reversible
changes are regarded as unique characteristics of the
amorphous state, but the origin of these structural
changes has not yet been established. Even though the
physical (photoexpansion) and optical (photodarkening)
properties are clearly identified, a number of equivocal
mechanisms ' ' ' associated with photostructural
changes have been proposed. These may involve bond
twisting as opposed to bond breaking ' short-range
order ' ' (SRO) as opposed to intermediate-range or-
der '" (IRO), i.e., intramolecule ' as opposed to inter-
molecule" interactions.

The principal reason for the controversy surrounding
the determination of the modifications involved in the
photostructural change has been inability of any tech-
nique to unambiguously identify significant structural
changes associated with the effect. For example, x-ray
diffraction studies have shown that the first sharp

0
diffraction peak at low scattering vector (q —1.3 A )

decreases in intensity and shifts slightly to larger q with
photodarkening. The effect of light on this peak sug-
gests changes in structural units with at least one dimen-

0

sion on the order of 6 A. There are, however, no
changes in features of the radial distribution function at
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this distance. In essence, the structural significance of
the low q peak is uncertain. Other qualitative evidence
of reversible structural changes has been obtained in Ra-
man studies, ' but direct and quantitative structural in-
terpretation of these data has not been made.

We take another approach to the study of photo-
structural changes by using x-ray-absorption spectrosco-
py (XAS). The XAS technique has become a powerful
tool for probing the atomic structure —as well as the
electronic and vibrational properties —of a wide range of
materials. With recent availability of strong and stable
synchrotron radiation sources, the quality of XAS data
has dramatically improved so that weak signals from
second or even higher shells can be resolved in amor-
phous solids. In parallel there have been improvements
in the data analysis that have made it possible to obtain
considerably more accurate information from the experi-
mental data than previously possible. For example in
experimental studies of a-As S, compounds, we have
shown ' that EXAFS yields important information
about structural disorder, local vibrational motion, and
the type of chemical bonding beyond the second shell.
Changes in the x-ray-absorption near-edge structure
(XANES) between thermally annealed films and photo-
darkened films have been reported. These changes pro-
vide key information about antibonding states associated
with the photodarkening phenomena.

II. EXPERIMENTAL PROCEDURE

The a-As2S3 films were prepared by evaporating high-
purity (99.9999%%uo) pure bulk AszS3 glasses. Films were
deposited at a rate of 80 A/sec in a base vacuum of
1X10 torr onto room-temperature Kapton substrates.
Annealing involved heat treatment at 220 'C for two
hours while light soaking entailed exposure to an Ar
laser beam (488 nm and 500 mW/cm ) for 5 hours at 77
K. An irreversible change was observed (in EXAFS and
ir spectra) upon completion of cycles of annealing, light
soaking, and annealing. Three repeated cycles, however,
exhibited reversible and reproducible changes. A rever-
sible red shift of the optical edge (i.e. , photodarkening)
in light-soaked films was confirmed by optical transmis-
sion measurements as shown in Fig. 1. Transmission ir
spectra were measured from 100 to 800 cm ' and
showed no evidence of photo-oxidation.

The XAS spectra performed on the E' edge of As were
measured at the National Synchrotron Light Source
(NSLS) on the X-ll beam line using a double crystal
monochromator with Si(111) crystals. The thickness of
the films was typically 3.6 pm. Various thicknesses were
measured in order to avoid thickness effects. The
thicknesses of the samples were also determined by sta-
tistical considerations which optimize the signal to noise.
Six layers were used to make samples of sufficient x-ray
absorption thickness for the EXAFS measurements.
Transmission measurements on each sample were made
at 80 and 300 K. Four spectra were taken on each sam-
ple and were consistent in each series.
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FIG. 1. Optical-absorption edges for virgin (solid line), an-
nealed (dashed line), and light-soaked (dotted line) a-As2S3
films. The symbols represent the experimental data. Each cy-
cle is indicated by an arrow. The reproducible and reversible
photodarkening was observed in light-soaked films in each cy-
cle. The measurements were performed at room temperature.

III. DATA ANALYSIS AND RESULTS

where the summation extends over i coordination shells
at average distance R, from the absorbing atom, k is the
photoelectron wave vector, and y;(k) is the total phase
shift due to contributions from both the absorbing and
the backscattering atoms. The amplitude function A, (k)
is given by

A;(k) =(N; k/R; )F;(k)exp( 2o; k )exp( ——2R; /A, ),
(2)

where N; is the average number of scatterer atoms, F, (k)
is the backscattering amplitude characteristic of a partic-
ular type of scattering atom, o., is the Debye-Wailer fac-
tor to account for thermal vibrations o, (T) and static
disorder o.;s, and k, is the mean-free path of the photo-
electron.

The frequency of the EXAFS in Eq. (1) is governed by
the radial distance and phase shift. An examination of
Eq. (2) shows that the shape of the EXAFS envelope is a
function of the number of scatterers X, the backscatter-
ing factor F(k), and the Debye-Wailer factor
exp( —2o k ). Both the backscattering factor and phase
shift depend on the atomic number Z. In the binary
As-S system, ' the backscattering factor of the low-Z
atom (the sulfur) is dominant at low k and diminishes
rapidly at high k, while the high-Z atom (arsenic) has a
small backscattering factor at low k, but large amplitude
at high k in comparison with the S atom. Furthermore,
the difference in phase shift between As-S and As-As

The E edge of the normalized EXAFS (Ref. 6) can be
described by

X(k)= —g A, (k)sin[2kR, +p, (k)],
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thescattering is apprroximately m. radians. There ore,
andcombined features of backscattering amplitude an

phase functions can be used to distinguish the species o
neighboring a oms

'
hb

'
t s (As and/or S) through examination o

the k dependence of the EXAFS.
Standard techniques were employed to extract the

EXAFS interference function X(k) from the overall ab-
sorption spectrum. In each of three cycles, both well-
annea e an igl d d l' ht-soaked films showed reproducible
EXAFS spectra with very small uncertainty in t e ig-
k part of the spectrum. Data on the first cycle (i.e., the
irreversible effect) are presented elsewhere. ' In Fig. 2
we presented the X(k) data multiplied by k for c-As2S3,
and thermally annealed and light-soaked amorphous
films of the second (line with crosses) and the third (solid
line) cycles.

Because P(k) is principally a sum of sinusoidal terms,

Fourier transforms (FT's) of the data to an R-space rep-
resentation can separate the contributions from different
coordination shells. By using a phase-corrected FT
(PCFT) it is possible to identify different types o
scatterers. This method involves transforming t e EX-
AFS spectrum after multiplying the data y

[— (k)] where the phase shift function is empiri-
cally derived from the appropriate standards, eit er c-
As2S3 or c-As. The FT's are displayed as the imaginary
part which contains amplitude and phase information as

over a k-space range from 2 —16 A ' shown in ig.
ives positive peaks in the imaginary part for As —Sgives

bonds and negative peaks for As —As bonds. In a like
the As-As PCFT results' in negative peaks inmanner, t e s- s

the imaginary part for As —S bonds an posi ive
As —As bonds.

ofIn Fig. 3, the As-S PCFT shows that the first peak o
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FICx. 2. EXAFS k g(k) at 80 K for (a) c-As2S3, (b) second
(line with crosses) and third (solid line) cycles of annealed a-
As2S3 films, and (c) second (line with crosses) an irand third (solid
line) cycles of light-soaked a-As2S3 films.

R (A)

FIG. 3. The As-S PCFT corresponding to Fig. 2 for the
imagj. nary so i( lid line) and magnitude (dotted line) part of trans-
forms. The k transform was taken over a range o
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c-As2S3 represents the nearest neighbor of the As —S
pairs at a mean bond length of 2.28 A. ' The predom-
inant contributions to the first major peaks of the PCFT
for annealed and light-soaked films are also determined
by the As —S bonds. An additional feature in the first
shell is a small shoulder at 2.58 A which is noticeably
different from the corresponding region of the c-AszS3
spectrum —especially in the imaginary part of the signal.
These shoulders indicate As —As bonds in both films.
The data were Fourier filtered (AR =1.24 —2. 86 A) to
isolate the first-shell EXAFS as shown in Fig. 4. Using
the ratio method with the first shell of c-As2S3 as a stan-
dard, significant deviations from linearity as a function
of k occur near 100 A, where either As —As contri-
butions or noise begins to dominate the data. Clearly
the latter is not the case because of quality of the data as
shown in Fig. 2. This suggests the existence of As —As
bonds in both films. Using standard fitting techniques
with two shells, however, the results are not uniquely
able to provide precise determination of the As-As con-
tributions in these samples. An alternative approach for
separating minor As-As contributions is by subtracting
the dominant contribution of the As —S bonds from the
experimental data. Since the signal of the As —S bonds
dominates at values of k less than approximately 10
A ', a good estimate for the As —S contributions can
be found by fitting the inverse data only from 3 —8 A
using either the ratio or nonlinear least-squares fitting.
The resulting parameters are shown in Table I. The
third row in Table I shows the effects of statistical noise
by analyzing one spectrum of c-AszS3 using a second in-
dependent spectrum of c-As2S3 as a reference. Using
these parameters over a k-space range of 2 —16 A the

0

calculated As —S contribution was obtained and sub-
tracted from the experimental results. An As-As PCFT
was then made on the residual spectra. If only As
scatterers remain, the residual As-As PCFT would show
in a single peak with a symmetric imaginary part in
which the maximum coincides with the maximum of the
magnitude of the transform. This is shown in Fig. 5 for
both films. The peaks below 1.8 A ' are due to sys-
tematic errors introduced by the analysis procedures, but
do not significantly affect the data in the region of the
As-As shell.

In the first shell, one of the differences (see Table I)
between the two films is an increase in the relative
Debye-Wailer factor Ao. of the As —S bonds in the
light-soaked films. This change in Ao. is related to
changes in structural as well as compositional SRO,
since the thermal vibrational disorder in b,o (T) of c-
and a-As2S3 samples is the same, i.e., the optical bond-
stretching frequency of the amorphous films is un-
changed (to +6 cm ') after the light-soaking process.
In Fig. 5, striking differences can be seen in the ampli-
tude of As —As contributions. These changes are repro-
ducible and reversible in each cycle as is evidenced by an
independent analysis of two complete cycles. The evi-
dence of an increase of wrong bonds with light soaking
is obtained through examination of the ratio of well an-
nealed and light-soaked films. The comparison of
structural parameters obtained from this analysis is
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shown in Table II. Although it is dificult to unambigu-
ously quantify the number of wrong bonds in annealed
and light-soaked films because of the strong correlation
between coordination number and Debye-Wailer factor,
trends in wrong-bond populations can be estimated by
comparisons with simple models. For example, compar-
ison with a simulated model (0.5% c-As~S„and 99.5%
c-AszS3) containing 1.7% wrong bonds suggests that the
light-soaked sample has 2.0%%uo wrong bonds while the an-
nealed sample has 1.5%. This conclusion is given added
strength when one plots the logarithm of the ratio of the
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FIG. 5. Residual As-As PCFT for (a) an annealed film and

(b) a light-soaked film.

FIG. 4. The ln of amplitude ratio of the first shell plotted vs
k for (a) simulated model mixture with 5% of c-As4S4 and
95% of c-As2S3, (b) annealed films, and (c) light-soaked films.
The first shell of c-As, S3 was used as a standard in each case.



9164 C. Y. YANG, M. A. PAESLER, AND D. E. SAYERS 36

TABLE I. First-shell As-S parameters.

Sample

Annealed film
Light-soaked film
c-As2S3'

3.0+0. 1

2.9+0. 1

3.00+0.01

R
(A)

2.280+0.003
2.280+0.003
2.283+0.001

Ao. S
(10 A )

3.4+1.0
5.7+1.0
0.1+0.1

+~2( T)a

(10 A )

12.1+I.0
11.9+ l.0
11.0+0.2

'Ao. (T)=o. (300 K) —o. (80 K).
"Noise estimates from different run.
'Comparison with c-As2S3 measured at 80 K.

amplitude function of g-As42S58 and the amplitude func-
tion of an annealed film. Because the wrong bond frac-
tion in the g-As42S58 is 7%, the intercept of the ratio is
—1.62, indicating 1.4% wrong bonds in the annealed
films. This compares well with the model-predicted
value of 1.5%. The 33'Fo relative increase in coordina-
tion number of the As-As first shell is consistent with a
change from 1.5%%uo to 2%%uo in going from annealed to
light-soaked films. Although we can presently only mea-
sure changes in As-As populations, implicit in the
creation of As —As bonds at expense of As —S bonds is
the creation of S—S bonds.

The second broad peak in the c-As2S3 radial structure
is complex because of several contributions from in-
tralayer and interlayer S and As neighbors. Because of
the large number of parameters involved, it is not possi-
ble to quantitatively fit this peak, but because there are
large differences between the phase-shift functions and
backscattering factors of As and S, then the strong nega-
tive peak of the imaginary part in the second major peak
of c-AszS3 shows that in the EXAFS the shell is dom-
inated by the nonbonding As —As contributions which
are influenced by interhelix As —S—As linkages at 3.190
A and an —As —S—As —S—intrahelix correlation at
3.54 A. The second peak of radial structural function
for amorphous films exhibits only a well-defined negative
imaginary part which arises from As scattering at 3.48 A
for well-annealed films and 3.50 A for light-soaked films.
We thus conclude that the average second neighbor
As —As distances of amorphous films are slightly larger
than the mean As —As distance of 3.43 A in c-AspS3. '

Remarkable is the lack of other contributions to the
second shell of the amorphous films. Apparently none
of the atomic correlations of the second peak in c-As2S3
are retained in the amorphous films. One must keep in
mind, however, that both static and dynamic disorder
have profound effects on the EXAFS, which means that
these other possible atomic correlations are well below
detectable limits.

In the second shell, two important differences between

annealed and light-soaked films can be noted by examin-
ing an expanded view of the As-S PCFT as shown in
Fig. 6: (1) the second-neighbor As —As distance is shift-
ed about 0.02 A in the light-soaked films and (2) the
magnitude of the peak in the light-soaked films is re-
duced from that of annealed films. Difhculties with at-
tempting to determine precise information from the
second shell in both films are created by the relatively
large Debye-Wailer factors. It is possible to determine,
however, whether the large variation in the height of the
second shell is due to changes in the ordering or due to
changes in coordination number, by filtering the second
shell EXAFS using an r-space window (b,R =3.2—3.8 A)
and comparing the k X(k) data of both films as shown in
Fig. 7. The amplitude envelope of the EXAFS clearly
shows the characteristics of the As backscattering func-
tion and no sign of any interference effect due to other
contributions. This conclusion is also supported by a
comparison with the second shell of c-As. The
difference of the amplitude envelope between two films
can be identified as a function of k. The amplitudes of
the spectra are almost identical in the low-k region &5
A ', which suggests that the coordination numbers are
the same for both films. In the light-soaked films, the
amplitude of X(k) begins to decrease at k ) 5 A ' with
respect to the annealed films, which suggests that the
differences mainly come from the Debye-Wailer term. A
further comparison shows that the frequency of the spec-
tra changes systematically indicating an increased As-As
distance in the light-soaked films.

In Fig. 8, the result of the ratio (dotted line) between
the light-soaked and annealed films for the second shell
shows a linear fit over a range of k from 9 to 133 A
which extrapolates to k =0. It is clear that the
significant change in the structure of light-soaked films
comes from an increase in the structural disorder, since
both samples have the same temperature dependence of
their Debye-Wailer factors. The phase difference (dotted
line) between films shown in Fig. 9 indicates the mean
As —As bond distance of light-soaked Alms is shifted

TABLE II. Relative structural parameters for light-soaked films with respect to annealed films. a
subscripts denote annealed film.

Shell Bonding

As —As
As —As
As —S

6(N —N, )/N,

0.33+0.11
0.00+0.06
0.00+0. 11

A(R —R, )

(10 A)

0.00+0. 13
2.00+0. 12
0.01+0.14

A(o. —o.,')
(10 A )

—6.0+4.5
19.0+2.5

1.0+4.5
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0.02 A toward higher R. The results are listed in Table
II. The above results are confirmed by using a nonlinear
least-squares fit using the coordination number of the an-
nealed film as a free parameter. A knowledge of the
first-neighbor and the second-neighbor bond lengths
gives the mean As —S—As angle of 97.5 for c-As2S3,
99.5 for annealed films, and 100.3 for light-soaked
films, i.e., in the light-soaked films the mean bond angles
on S atoms must be opened up 0.8' in order to account
for the increase in the mean As —As distance. The in-
crease of structural disorder in the second shell can be
easily introduced via bond bending and rotation of the
pyramidal units with respect to one another. Using a
simple relationship ' between the structural disorder
and bonding-angle spread, we find a change in the devia-
tion of the S bond angle about its average of about +1.8
in the light-soaked films with respect to that of the an-

FIG. 8. The 1n of amplitude ratio between light-soaked and
annealed films for (a) the second shell (dashed line) and (b) the
third shell (solid line).

nealed films. Based on above EXAFS results, it is clear
that changes in the second shell upon light-soaking are
due to the changes in the As —S—As bond angle ac-
companied by an expansion of the mean As —As dis-
tance.

Another interesting feature of c-AszS3 is observed in
0

the third peak at 4.10 A. This small feature arises from
S atoms in an —As —S—As —S—spiral chain which
is one of the characteristics of the structure of c-As2S3.
The third well-defined peaks of both films have a max-
imum at 4.28 A, suggesting the existence of IRO. Fig-
ures 8 and 9 also show the results of ratio and phase
difference comparisons for the third shell and demon-
strate very little difference between the structure of the
light-soaked and annealed films. These results are also
listed in Table II.

Other EXAFS experiments have been reported by
Elliot' and Lowe and Elliot' on photostructural
changes in g-As2S3. Our studies differ from these in
several fundamental ways. First, the reversibility of the
photostructural changes (as demonstrated in our Fig. 6)
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FIG. 7. Expanded view of the As-S PCFT for the second
(open circles) and third cycle (dashed line) of the annealed films
and the second (line with crosses) and third cycle (solid line) of
the light-soaked films. This is to demonstrate the reproducibil-
ity and reversibility of photostructural changes in the second-
and third-shell contributions.

FIG. 9. The ln of phase-difference ratio between light-
soaked and annealed films for (a) the second shell (dashed line)
and (b) the third shell (solid line). The phase difference corre-
sponds to Fig. 8.
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is not evident in earlier works. Indeed the samples stud-
ied' were said to exhibit only a "partial return to the
annealed state. " Second, their earlier reports' ' of pho-
tostructural changes in chalcogenide glasses have shown
similar features but have been interpreted differently.
Whereas these workers contend that changes in the As-
As subshell are below the detectable limits of EXAFS,
we have shown that changes in the subshell can be mea-
sured and quantified. For illuminated samples Elliot'
suggested that As —S bonds are transformed into S—S
bonds, whereas we have shown that both As —As and
S—S bonds must be created. Third, we used filtering
techniques to extract quantitative structural information
from our data, while Lowe and Elliot' felt they could
not resolve separate contributions to the second shell,
thus obviating quantitative conclusions. Finally, they
suggest the possibility of an increase of interlayer separa-
tions (As —S) in the second shell to reinforce their par-
ticular model. However, the nearest interlayer correla-
tion of As —S contributions is totally missing in our EX-
AFS data because of the weaker interlayer interaction
and the lower vibrational frequency modes which allow
a larger relative displacement. Furthermore, in Refs. 4
and 6 as well as in our current data, no experimental evi-
dence for the existence of interlayer correlation (As —S)
in g-As2S3 and a-AszS3 are reported.

IV. DISCUSSION

In the light of the evidence, discernable photostructur-
al changes in SRO have been identified. Though their
formation is energetically unfavorable, evidence' of
wrong bonds has been frequently reported in a-As-S sys-
tems. Since the samples are poor thermal conductors, a
laser beam may produce photoinduced and/or thermal
effects. It has been suggested' that for certain situa-
tions photodecomposition, observed in Raman measure-
ments, can be attributed to thermal effects. As a result,
the laser beam illumination above the optical band gap
can lead to small changes in the bond statistics. Thus
wrong bonds are randomly dispersed throughout the ma-
trix. From a phenomenological point of view and from
experimental results, ' it has been, , inferred that both
thermally excited structural changes and reversible pho-
tostructural changes were of the same kind. Based on
this hypothesis, in the light-soaking processes the a-
As2S3 films are locally heated to a very high temperature
and then immediately quenched to a more disordered
metastable state. Even though similar photostructural
changes (i.e., an enhancement of compositional disorder
of the first shell and an increase of Auctuations of the
As —S—As bond angle) are observed in the high-
temperature atomic configuration of g-As2S3 with respect
to that of the well-relaxed state, there is no evidence of
an expansion of the As —As distance in the second shell.
In other words, an increase in the S bond angles with ac-
companying expansion of the second-neighbor distance
is unique to the photostructural changes induced optical-
ly. Resolution of the relative roles of heating and
photoexcitation —or a combination of both effects—

might be made by examining the kinetics of structural
changes. Such dynamical EXAFS experiments are
currently underway.

Regarding the reversible photostructural changes in-
volving bond breaking, the dominant mechanism respon-
sible for the effect is attributed to an enlarged and more
random spread in the As —S—As bond angle. It is
reasonable when discussing the photostructural changes
in As-chalcogenide materials to focus one's attention on
the chalcogen atoms. The low coordination of chal-
cogen results in a degree of steric freedom for which
different structural modifications are possible. These
modifications can result in varying degrees of lone pair
hybridization which are related to photodarkening.
Also, Tanaka' has reported on the temperature depen-
dence of photodarkening for chalcogenide glasses. The
empirical relation suggests that chalcogen atom
configurations are primarily responsible for the photo-
structural changes.

A geometrical model of spiral chains in which AsS3
pyramidal units are connected via shared S atoms can be
used to examine the important role of S sites in the pho-
tostructural changes of a-As2S3 films. An immediate
consequence of photodarkening is that the two pyrami-
dal units joined at a particular S site are twisted with
respect to each other. This must be the case since the
As —S—As angle increases while the second As —S dis-
tance remains the same. These light-induced distortions
can also be thought of as an alteration of the dihedral
angle relationships along —S—As —S— . —As-
S—As —helices. Since the distortions represent an in-
creased deviation from the low-energy (more crystalline-
like) dihedral angle configurations, they introduce a
strain. Consequently, a statistically random spread in
the distributions of the As —S—As bond angles may
stabilize the structure of light-soaked films. Thermal an-
nealing of amorphous films at the glass transition tem-
perature leads to a recovery process to the initial less-
strained amorphous state. The details of the structural
rearrangement in IRO cannot yet be specified because of
the absence of information about higher shell correla-
tions (which would give information about interlayer and
cross-ring correlations) and the lack of EXAFS data on
the S atoms.

There is other convincing reason to support the
significant role of S sites in the photostructural changes.
Two distinct causes of a volume expansion may be in-
ferred from our data as shown in Table II. The 33%%uo

change in the number of wrong bonds (1.5 —2.0 %) alone
would result in a fractional increase' in volume of
AV/V=0. 3&10 . In the second shell, the 2&10 -A
increase in As —As distance can be shown to result in a
fractional increase of AV/V=5. 7)&10 . The total in-
crease in volume fraction from the EXAFS data is there-
fore AV/V=6. 0X10 which is exactly what has been
measured. Although this precise agreement must cer-
tainly be considered somewhat fortuitous, we feel that
these data provide the first quantitative correlation be-
tween microscopic structural models and changes in
measured macroscopic properties associated with pho-
tostructural changes in amorphous chalcogenides.



MEASUREMENT OF LOCAL STRUCTURAL CONFIGURATIONS. . .

V. CONCLUSION

In this work, we have demonstrated that our EXAFS
results provide the first quantitative understanding of the
microscopic structural modifications associated with re-
versible photostructural changes in a-As2S3. Measured
changes induced by light include (1) an increase in the
atomic percentage of wrong (As —As) bonds from 1.5%
to 2% in the first shell, (2) an enlargement of the mean
As —S—As bond angle by 0.8' with an expansion of the
mean As —As distance of 0.02 A in the second shell, (3)
a +1.8 increased spread in the distribution of As —S-
As bond angles, and (4) an absence of any change in the
third As-S shell. These results imply that the photoin-
duced change involves a twisting of adjacent AsS3 py-
ramids about their shared S atoms as well as an expan-
sion of the As —S—As angle at that shared atom. Our
EXAFS data do not yet make it possible to correlate the
photoinduced effects with specific intermediate range
structures. We have, however, shown that associated

with the change is an altered dihedral angle relationship
centered on the S atoms joining two AsS3 pyramids. In
order to obtain a deeper insight into IRO structures that
may be- involved with photodarkening, we are currently
merging other experimental techniques such as x-ray
scattering and Raman spectroscopy with structural mod-
eling on these samples. By coupling our EXAFS results
with these other data and structural models, we hope to
ascertain more completely the intermediate-range
structural modifications associated with photoinduced
changes in a-As2S3.
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