
PHYSICAL REVIEW B VOLUME 52, NUMBER 14 1 OCTOBER 1995-II

Photoinduced structural changes in amorphous As2S3 as measured
by differential anomalous I-ray scattering
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Differential anomalous x-ray scattering measurements were made on a well-annealed and a photodark-
ened amorphous As2S3 film of 4 pm in thickness as well as on a well-annealed 30 pm sample, all of which
were supported on Si (100) wafers. The thicker sample was used to evaluate the inhuence of x-ray
scattering from the Si wafer. From the data measured, no structural change was found in the first coor-

0
dination shell after light exposure. There is also no significant change in the region around 3.5 A as far
as the interatomic distances and coordination numbers are concerned, but a large increase in the disor-
der is seen, after illumination. The variation of the S apex angle for the As-S-As correlation is increased
by about 2.4'. It is proposed that this is the fundamental cause for the reversible photodarkening ob-
served in a-As2S3 films. The model developed based on these results explains many of the observations
regarding the reversible photodarkening phenomenon, such as the dependence on light exposure, pres-
sure, and the light intensity, and on the chalcogen concentration. It may also apply to other light-
sensitive disordered materials. The present model establishes a clear relation between a local event, viz. ,
the increased spread in the bond angle, and the matrix reorganization that affects a longer-range order,
such as that responsible for the first sharp diffraction peak.

I. INTRODUCTION

It is well known that a redshift in the optical absorp-
tion gap upon photon illumination is observed over a lim-
ited range of composition for amorphous As S, films.
This so-called photodarkening may be irreversible or re-
versible depending on whether the film is well annealed
or not before photon exposure. Studies' using x-ray ab-
sorption spectroscopy (XAS) have provided a detailed
description of the local order and showed that amor-
phous and crystalline As2S3 have a similar local structure
or short-range order (SRO). These studies also reported
evidence of the existence of homopolar As-As bonds in
a-AszS3 and their evolution upon illumination as well as a
slight enlargement of the S apex bond angle. ' Other stud-
ies, using x-ray scattering, neutron scattering, and
Raman scattering, " as well as x-ray near absorption
edge fine structure (XANES), ' present evidence of
intermediate-range order (IRO) in a-AszS&. The changes
due to photosoaking observed in the first sharp
diffraction peak' (FSDP) and in the small peak on the
high-energy side of the white line in the XANES (Ref. 12)
are considered to be evidence of the IRO. Based on the
structural changes observed, microscopic mechanisms,
such as bond breaking or switching, twisting of the bond
angle, and modification of the IRO, have been suggested.

Despite a great number of studies of the atomic struc-
ture, ' *' the microscopic mechanism responsible for the
photoinduced structural changes is still not well under-
stood, as pointed out by Tanaka' in a recent review pa-
per. The model based on atomic bonding configuration
change, first suggested by Street' and recently detailed
by Fritzsche, ' is quite commonly cited. This model and
others will be reviewed in the discussion section of this
paper.

The study carried out by Yang, Paesler, and Sayers
using the XAS technique showed that the second shell
structure in the photodarkened film is more disordered
than in the annealed film. This is a significant observa-
tion. However, the information contained in the extend-
ed x-ray absorption fine structure (EXAFS) signal in this
region is rather weak due to the disorder in these amor-
phous materials. This limits the quantitative information
which can be obtained about bond angles. Previous
anomalous x-ray-scattering data' indicated significant
changes in structure, which are related both to the SRO
and IRO, when the different scattering patterns for the
annealed and photodarkened samples were compared. In
this paper, quantitative results are obtained through
analysis of recently measured x-ray-scattering data in an
attempt to achieve more structural information about the
second nearest shell and bond angles. Differential anom-
alous x-ray-scattering (DAXS) measurements were per-
formed at several x-ray wavelengths around the As K
edge on a thermally annealed and a photodarkened a-
As2S3 films. This effort represents a continuation of ear-
lier work' to discuss the physical relationship between
structural changes and the reversible photodarkening
phenomenon.

The scattered intensity varies with energy E of the in-
cident x-ray beam due to the energy dependence of the
atomic scattering factor f (q, E)=fo(q)+f'(E)+if"(E),
where q =4' sin8/A, is the scattering vector. When the
x-ray energy is tuned near an absorption edge of one of
the atomic species in a material, the variation may be
significant. This can produce a substantial contrast
among the scattering patterns recorded at different x-ray
wavelengths. The contrast can be used to obtain a
differential structure factor' (DSF) by taking the
difference of two scattering patterns measured, typically,

0163-1829/95/52{14)/10025{10)/$06.00 52 10 025 1995 The American Physical Society



10 026 QING MA, WEIQING ZHOU, D. E. SAYERS, AND M. A. PAESLER 52

at several electron volts and several hundred electron
volts below the absorption edge. This difference elimi-
nates information about other pair correlations except
those involving the atomic species around whose absorp-
tion edge the measurement is made. For a binary alloy
AB, the DSF will contain only the A-B and A- A correla-
tions if the measurement is performed around the absorp-
tion edge of A, since the atomic scattering factor of B
does not change significantly over the energy range used
and thus the B-B contribution is eliminated in the
difference. Like EXAFS, DAXS thus provides selective
information about the structural environment around a
specific atomic species. But, it is more sensitive to the
IRO.

A description of the experiment is presented in Sec. II
and the data analysis procedure will be described in Sec.
III. Structural results are presented in Sec. IV. A model
for reversible photodarkening based on the structural re-
sults reported in this paper is proposed in Sec. V. We
conclude in Sec. VI.

II. EXPERIMENTAL

The experimental details have been presented else-
where. ' Only a brief description about sample prepara-
tion and data collection will be presented here.

A. Sample preparation

The as-deposited a-As2S3 films were prepared by eva-
porating bulk glass As2S3 (of purity 99.99%%uo manufac-
tured by CERAC) in a diffusion-pumped and cold-
trapped system. The deposition rates for the samples
used in this study were about 20 A per second. The vacu-
um pressure during evaporation was less than 10 torr.
The substrate temperature was room temperature. A c-Si
(100) wafer was used as the substrate material. After
deposition, the thin films were moved into a separate an-
nealing chamber. Annealing was done with the sample in
the dark at 445 K for 1 h in a How of high-purity argon
gas. Then, through a slow cooling cycle, the temperature
of the samples was brought back to room temperature.
To study the photoinduced structural change, one an-
nealed sample was then photodarkened by an exposure to
an Ar laser beam (488 nm and 100 mW) for more than 20
min at 77 K. Two 4 pm samples were prepared, one of
which was well annealed and the other photodarkened
after annealing. One 30 pm sample which was well an-
nealed was used to evaluate the substrate effect on the
scattering patterns of the thinner samples. After photo-
soaking, the samples show changes in their Raman spec-
tra, optical absorption edge, and thicknesses which are in
good agreement with previously reported results.

mounted on a two-circle vertical diffractometer and fixed
at a small angle of 1.5, which is the angle between the
surface of the sample and the incident beam. The vertical
and horizontal sizes of the incident beam are defined by a
slit of 0.8 X 10 mm before the sample and the incident x-
ray intensity Io was monitored by scattering a small
amount of beam using a plastic film into a NaI scintilla-
tion detector. Io was used to eliminate the time-
dependent variation of intensity of the synchrotron radia-
tion beam. The scattering in the vertical plane was col-
lected by a multielement solid-state detector which con-
sists of 12 parallel Si:Li plates, each one acting as an in-
dependent detector. A radial slit system, which was
specifically designed for this detector, was put just in
front of the detector to reduce spurious scattering signals.
When the x-ray photon energy is tuned in the vicinity of
an absorption edge, the use of such an energy-sensitive
detector allows simultaneous measurement of the scat-
tered intensity I, (including the elastic and Compton
scattering as well as the K& fluorescence contribution),
and the K Auorescence intensity I . This allows the
contribution of the K Auorescence to be separated out
experimentally. The K& Auorescence intensity is then
subtracted from the scattered intensity using the ratio
value I&/I determined from a measurement at an x-ray
photon energy of 26800 eV, which is far above the ab-
sorption edge so that the K& component can be resolved
from the elastically scattered radiation. The scattering
pattern was recorded using a step size of 0.05 A ' in q
and a time interval of 15 sec per point. Each element of
the detector was running within its linear range since the
counting rate was typically lower than 3000 counts per
second for each channel.

The energies and corresponding values of the energy-
dependence terms f'(E) and f"(E)of the atomic scatter-
ing factors used for our measurements are given in Table
I. f"(E) values near the edge determined from EXAFS
measurements which were performed on the same sam-
ples. f'(E) values around the edge were calculated from
f"(E) using the Kramers-Kronig relationship. In this
calculation, the f"(E) values determined from the ab-
sorption experimental data were matched to values calcu-
lated by Sasaki for free atoms over an energy range
from -4 to —120 keV to meet the requirement of a large
integration range. ' f '(E) and f"(E) values far from the
edge were taken directly from Sasaki's data. The DSF's
for the As2S3 samples were obtained by taking the
differences of intensities measured at energies of 11650
and 11 860 eV.

B. Data collection

The DAXS experiments were carried out in the vicini-
ty of the As X edge (11867 eV) using the x-ray beam
from the superconducting wiggler at DCI in LURE. A
double-crystal [Si(220)] monochromator was employed to
select the beam energy. The temperature of the first crys-
tal was controlled at about 12 C. The sample was

Energy (eV) fs fs; fsl
11 650
11 860
26 800

—4.00 0.50
—9.20 0.50

0.01 1.91

—0.23 0.33 0.16 0.19
—0.23 0.33 0.17 0.19

0.09 0.12 0.07

TABLE I. f' and f" values (electron units) of As, S, and Si
atoms at energies used.
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III. DATA ANALYSIS

f;(q, E)f, (q, E)
W~ (q, E)=c;cj

f(q, E)
(3)

in which c; is the atomic fraction of the atomic species i.
8'" is called the weighting factor. It is a measure of the
contribution of each of the atomic correlations to the
scattered intensity and varies with energy. Analogously,
the differential structure factor b,S(q) is related to the
difference of the intensities measured at two energies by
the relationship

bI =I(q, E) ) I(q, E~)—
=&„[(f'&—(f )']+&„[(f )']ES(q), (4)

where 2 specifies the atomic species around whose ab-
sorption edge I(q, E, ) and I(q, Ez) were measured and b,
represents the difFerence. b S (q) is thus a linear combina-
tion of the two atom A related partial structure factors,
i.e., S» and S», weighted by

b, „(f,(q, E)f (q, E))
W/(q, E)=c;c

f(q, E) (5)

The Fourier transform of AS yields the differential radial
distribution function about atom A. For a multicom-
ponent sample, this function is a convolution of the real
distribution functions D, (r) with their weig"hting factors
coij~ viz. ~

The atomic radial distribution function (RDF) about
an average atom,

4~r ~p(r) =4m r po+ r Jq [S(q) —1]sin(qr)dq . (1)

where p(r) and po are the radial and average densities in
atoms/A, respectively, and S(q) is the structure factor,
which is related to the elastically scattered intensity by

I, (q, E)=(f(q,E) ) —(f(q, E)) +(f(q, E)) S(q), (2)

in which ( ) represents the chemical average of the
atomic scattering factors. In a binary system S(q), in
turn, can be written as a linear combination of three par-
tial structure factors SJ(q) weighted by factors W~(q, E),
viz. ,

—( r —r0 ) /2o' —( r + r0 ) /2o
P; r = N; e ' —e

r,o &2~

Given the average interatomic distance ro, the coordina-
tion number N;, and the Gaussian width cr, P;~ (r) i. s
Fourier transformed into q space, and the result is multi-
plied by the corresponding W,"(q) factor. This gives the
contribution of one kind of correlation to b,S(q). This
result is then Fourier transformed back to r space, yield-
ing one partial distribution function. In this operation,
the same q ranges were used in the Fourier transform as
for the experimental data so that truncation effects
should be similar. This function can be compared to the
experimentally obtained distribution function. The pa-
rameters which yield the best comparison to the mea-
sured data are used to interpret the structure. All of the
structural parameters presented here were obtained in
such a way.

Obviously, the truncation effect resulted in termination
errors since the Fourier transforms were performed in a
limited q range. In order to deal with such errors, a con-
vergence factor exp( —a q ) (a =0.005) was added to
the interference function, which could rather efFectively
reduce the contribution of the high-q values and, thus,
the termination errors. The experimental raw data were
measured up to 10 A '. However, the ending part did
not present a node and the last node in the interference
functions was located at 8.2 A '. The termination at the
node resulted in much less errors than at 10 A ', as
checked. Thus, to be consistent, the Fourier transforms
are performed for all data over the same q range, namely,
from 0.3 to —8.2 A

To obtain the elastically scattered intensity, the raw
data have been treated using the following procedures:
(1) the experimental scattering intensity is normalized rel-
ative to the incident beam intensity in order to remove
any time dependence of the incident beam; (2) a geometri-
cal absorption correction and an interactive volume
correction is applied; (3) a polarization correction is
made; (4) scattering from the silicon substrate is subtract-
ed; (5) the X& fluorescence is subtracted as described
above (Sec. II B); (6) the inelastically scattered intensity is
subtracted using theoretical values; and finally, (7) the
experimental data are normalized to a per electron scale.

2

4~r p(r) = g co; (r)'D; (r), (6)
IV. RESULTS

j,i=1,i &j
in which co;. is the Fourier transform of the weighting
factors W~~. To first order, co; = W;. /c;. Using this ap-
proximation, the integral of a peak in the radial distribu-
tion function can be written as

where X; is the coordination number of j about i. In
practice, the structural parameters are determined by an
iterative analysis procedure, for which the peak of the ra-
dial distribution function is assumed to have the form of
a pseudo-Gaussian distribution function, viz. :

Figures 1 and 2 show the q dependence of weighting
factors W~J. for the total structure factor (TSF) and the
difFerential structure factor (DSF), respectively. A re-
markable feature for the As2S3 alloy is that there is a
dramatic change of the weighting factor for As-As corre-
lations when passing between the TSF and the DSF of the
As K edge, while the weighting factor for As-S correla-
tions is only slightly changed. The weighting of the As-
As correlations roughly doubles. These large differences
between the TSF and DSF help to reliably determine the
structure.

The TSF's obtained at energies of 11 650 eV (full line)
and 11 860 eV (dotted line) for the annealed and photo-
darkened samples are shown in Figs. 3 and 4. A rather
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intense FSDF appears in the low-q range for both sam-
ples. It seems to be dominated by As-related correlations
as was extensively discussed in Ref. 18. Figure 5 shows
the DSF's obtained from the TSF's shown in Figs. 3 and
4. Because the DSF's are difference scattering patterns,
the noise level is significantly enhanced. The high-
frequency noise may cause a slight distortion in the high-
r part of the radial distribution function. In order to
check the inhuence of the substrate, we compare the
differential distribution functions (DDF) for the annealed
thick (full line) and thin (dotted line) samples in Fig. 6.
They are very similar. This demonstrates that the DDF's
for the thin samples are not strongly affected by scatter-
ing from the substrate.

A. First shell structure

Figure 7 shows the RDF's for the annealed thick (a),
thin (b), and photosoaked (c) samples. Assuming that
only As-S correlations contribute to the first peaks of the
RDF's, coordination numbers, interatomic distances, and
disorder parameters were obtained through the iterative
procedure for the first shells, which are given in Table II.
These results are in good agreement with those previous-
ly obtained by EXAFS, within +0. 1 atom for the coordi-
nation number and +0.01 A for the interatomic dis-
tance. Figure 8 shows the DDF's for the annealed (a)
and photosoaked (b) samples. The first peaks of the
DDF's can be well fitted by using roughly the same pa-
rameters as obtained for the RDF's. The results are also
presented in Table II. The precision is lower due to the
poorer signal to noise ratio. A slight reduction is found
for the coordination number for all the samples. This is

likely to be due to systematic errors. However, there
might be a slight reduction in magnitude of the first peak
of the photosoaked sample relative to the annealed sam-
ple, as was shown in previous EXAFS results.

There is no evidence for the possible existence of
homopolar As-As bonds. Bearing in mind that the bond
lengths for S-S, As-S, and As-As are substantially
different, there is no peak position shift of the first shell
observed when the RDF and DDF of either photosoaked
or annealed sample are compared, although the weight-
ing of As-As pairs increases by —50% (See Fig. 1) for the
DDF and although S-S pairs do not exist in the DDF.
This strongly implies that the first shell consists primarily
of As-S bonds. In a previous study of the bulk amor-
phous As2Te3, the existence of homopolar bonds is clear-
ly demonstrated by the peak position shift. The
EXAFS studies of the well-annealed AszS3 film also find
no As-As bonds in the structure. EXAFS is sensitive to
this since the phase shifts for As-As and As-S pairs are
substantially different. Thus it is concluded that the
three samples have an identical first shell and that no
structural change in this shell induced by light exposure
is detectable, at least by DAXS.

B. Second shell structures

As stated, the DDF's for the thick and thin annealed
samples are almost identical. However, the DDF of the
photosoaked sample has a noticeable change in the
second shell in comparison with the DDF's of the an-
nealed sample (See Fig. 8). The magnitude of the second
shell peak is significantly reduced after light exposure.
Indeed, the damping of oscillations in the DSF can also

o+0.01 (A)¹0.1Sample

TABLE II. Structural parameters for the first shell determined from the RDF's and DDF's.

r+0.01 (A) o+0.01 (A) ¹0.2 r+0.02 (A)

30 pm
a-4 pm
p-4 pm

2.9
2.9
2.9

RDF's
2.27
2.27
2.27

0.14
0.14
0.13

2.8
2.8
2.7

DDF's
2.26
2.28
2.27

0.15
0.16
0.16
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be seen (see Fig. 5). The immediate conclusion is that
photosoaking of a well-annealed sample induces disorder
in the second shell. This is in agreement with the obser-
vation made by EXAFS. It is noticed that the second
peaks in the RDF's for three samples are rather identical
in their shape and that the second peaks in the DDF's for
the annealed samples have almost the same shape as the
corresponding RDF's, but this is not the case for the pho-
todarkened sample. Since the weighting factor for As-As
pairs from the TSF to the DSF is significantly increased
and since for As-S pairs, it remains almost unchanged, it
is therefore expected that the change in the peak shape is
related predominantely to As-As correlations for which
there is a larger disorder. In the crystalline As2S3 orpi-
ment structure, the second shell distance for As-As pairs
is larger by -0.2 A than for As-S pairs. It is also likely
that in a-As2S3, the average length of As-As correlations
is larger than that of As-S correlations so that the shape
of the second peak of the photosoaked sample can be well
understood.

The EXAFS studies found three As-As pairs in the
second shell, while As-S correlations were not observed.
For the DAXS data, we assumed three As-As pairs to fit
the second shell of the DDF for the thick annealed sam-
ple. However, they filled only half of the area. This sug-
gests that the DAXS data contains a substantial contri-
bution from As-S correlations. Thus, As-S pairs were
added until the whole area was fit. The result shows
three As-S pairs contributing. The structural parameters
found for this sample can be applied to the thin annealed
sample with a slight variation, as shown in Table III.
Figure 9(a) shows the fit of the DDF for the thin sample.
The third peak is constructed only to approximate the
effect of higher shells, but no parameters are deduced for
it.

We then reconstructed the second shell peak of the
photosoaked sample using similar distances and coordi-
nation numbers to those used for the annealed samples.
Figure 9(b) shows the fitting quality of the first two shells
of the DDF of this sample. The structural parameters
obtained are also presented in Table III. It can be seen
that larger disorder parameters were used. To account
for the slight shift of the second peak position to lower
distances, the o. value for As-As correlations was found
to be slightly larger than the o. for As-S correlations.

As stated above, the contrast between the TSF and
DSF can be used to distinguish structural information.
Using the results determined from the DDF's, the RDF
for each sample can be analyzed. In this analysis, the
structural parameters for As-As and As-S pairs were kept
at similar values to those from the DDF's. Assuming
only As-As and As-S pairs in the second shell is not

TABLE III. Structural parameters for the secnod shell in the
DDF's.
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FIG. 9. Reconstructions (dotted line) of the first two shells
for (a) the annealed sample and (b) the photodarkened sample.

~ W
9

O
s

14-

0 -310-
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sufhcient to fit the whole peak area in the RDF as shown,
for example, in Fig. 10. This implies that the second shell
contains S-S correlations as well. Thus, six S-S pairs were
added to account for the difference. The results are
shown in Table IV. The S-S pairs in the second shell ap-
pear to be unchanged from the annealed to the photo-
soaked sample, indicating that the disordering, observed
for the latter, is due dominantly to As-related correla-
tions and, thus, a disorder of the S apex bond angles. For
the annealed samples, it appears that the cr values have to
be slightly increased to get a better correspondence with
the data.

Error bars for coordination numbers, Gaussian widths,
and interatomic distances obtained above are estimated
by comparing structural parameters determined from the
RDF's and DDF's. For the distances, it is found to be
within +0.02 A, for the coordination number within

Sample

30 pm
a-4pm
p-4pm

¹0.2
As-S As-As
3.1 3.0
3.0 3.0
3.2 3.2

r+0.02 (A)

As-S As-As
3.40 3.53
3.40 3.53
3.37 3.53

As-S As-As
0.22 0.22
0.22 0.22
0.28 0.30

3 4
r (A)

5 6

FICs. 10. Reconstructions (dotted line) of the first two shells
of the RDF; inset is reconstruction with only the As-As and
As-S pairs involved.
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Sample cr +0.01(A)

TABLE IV. Structural parameters for the second shell in the RDF's.

)V+0.2 r +0.02(A)

30 pm
a-4 pm
p-4 pm

As-S

3.1
3.1

3.2

S-S

6.1

6.0
6.1

As-As

3.1
3.1
3.2

As-S

3.40
3.41
3.39

S-S

3.47
3.47
3.46

As-As

3.55
3.55
3.55

As-S

0.24
0.24
0.28

S-S

0.24
0.24
0.24

As-As

0.24
0.25
0.30

+0.2 atoms, and for the Gaussian width within +0.01 A.
Errors caused by other sources, such as the possible inac-
curate estimation of the sample density, are well within
the given error bars.

From the first and second shells the bond angles OA, sA,
or Os&,s were calculated using 2.27 A for the first shell,
3.46 A for the S-S pair, and 3.54 A for the As-As pair.
We find OAssAS= 102.5 and OsAss =99.5'. The latter is 99
in the crystalline structure, OA, sA, is slightly larger than
that observed by EXAFS. However, what is significant,
we believe, is the relative change upon light exposure.
Assuming that the thermal effect on the disorder is the
same for both samples, the difference observed in o is
thus due only to a static change in disorder, which can be
calculated by

o'p o g
2 2

no=
op+os

where o. is for the photodarkened sample and o., for the
annealed sample. Since o. is equal to 0.24, if an average
of the results determined from the DDF and RDF is tak-
en, and o, to 0.30, the difference ho. is equal to 0.06 A.
This value indicates an increased spread of about 2.4 in
the S apex bond angle O~,s,s after light exposure.

Information regarding the structure beyond the second
shell can be obtained by extracting the partial structure
factors, which requires data with a better signal to noise
ratio than reported here. The results presented above are
significant as far as the relative change between the struc-
tures of the photodarkened and annealed samples is con-
cerned.

V. DISCUSSIQN

From the DAXS data, detailed information about the
SRO in a well-annealed and a photosoaked As2S3 film
was obtained; The SRO in these samples is chemically
ordered and is rather similar to the structure of the crys-
talline As2S3. No structural change after light exposure
in the first shell is detected, and thus it is concluded that
the first shell remains identical in both samples. The As-
related correlations in the second shell show a strong dis-
ordering after light exposure, but no significant change
either in distance or in coordination number. The in-
creased disorder observed for As-S correlations is be-
lieved to be associated with the disordering of As-As
correlations and thus the S apex bond angle. It is pro-
posed that the reversible photoinduced structural change
is related to changes in the S apex bond angle, upon pho-
tosoaking or annealing, and that the redshift in the opti-

cal absorption edge and other properties, therefore, is
also due to this structural change.

A. The model based on the valence alternation D+D pairs

Mott and Stoneham pointed out that the exciton gen-
erated by photon absorption can exist either in a state
without the matrix distortion or in a state where a strong
distortion occurs and the exciton is self trapped. Based
on this, Street' and several other authors' proposed a
model to explain the reversible photoinduced structural
change occurring in chalcogenide glasses. The lone pair
p electrons of the chalcogen are localized in the band tail
of the valence band and are easily excited, usually by
light exposure using a photon energy close to the band
gap (E ). According to Street, the exciton thus generat-
ed can be either self trapped in a localized state, which
has higher energy than the ground state, or can recom-
bine back to the ground state. He argued that the energy
level of the trap should be considerably lower in compar-
ison with that of the exciton so that the energy barrier
from the exciton level to the trap is small. The filled
trapped state is the cause of the redshift. Its higher ener-
gy is due to the strengthening of the localized state by the
creation of a kind of defect in the atomic bonding
configuration, such as the so-called valence alternation
pairs described by Kastner, Adler, and Fritzsche. This
has been widely accepted as a possible mechanism for
photodarkening. The basic assumptions for this are that
the atomic bonding configuration can be altered due to il-
lumination, resulting in, locally, an overcoord. inated
center with a positive charge (D+) and an undercoordi-
nated center with a negative charge (D ), simultaneous-
ly, and that the energy of the resulting D+,D pair is
higher by a small amount (a fraction of Eg) than the
ground state. Thermal annealing will relax the light-
induced defect and excite the trapped exciton back to the
ground state, resulting in bleaching.

A typical example used to support this model is seleni-
um (Se), which has a chain structure with an interchain
distance of about 3.5 A. In this case, a D,D pair is
formed by a threefold-coordinated Se atom and a singly
coordinated Se atom. Kastner extended this to the sys-
tem involving a pnictide atom (As) and a chalcogen atom
by arguing that the s-like lone pair electrons on the pnic-
tide atom can play a similar role as the lone pair in Se.
Fritzsche' extended this model to explain how the relax-
ation of the exciton depends on experimental parameters,
such as the exposure temperature, pressure, and the light
intensity.

Our results do not support this D+,D photodarken-
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ing. The densities necessary to result in photodarkening
are well beyond our detection limit. According to Ref.
17, the density of defects in chalcogenides is estimated to
be 10' to 10' cm . Such a density of 10 to 10
A corresponds to one defect in a volume of 10 or 10
A . For the AszS3 thin-film density of 3.89 X 10
atom/A (3.18 g/cm ) and a partial S density of
2.33 X 10 atom/A, the corresponding defect concen-
tration is less than 0.01%. This value is not only well
beyond the detection limit, it is also a number suspicious-
ly small to be expected to lead a matrix-related band-gap
e6'ect such as photodarkening. There are other recent
structural results which also challenge the D+,D mod-
el. We discuss these in the following pages. Based on the
structural results reported in this paper, we propose a
model to explain the photodarkening and phenomena as-
sociated with it.

B. A proposed model based on the new structural results

In light of the principles of creation of the exciton and
of its recombination processes suggested by Mott and
Stoneham, we propose that the increased disorder of
the S apex bond angle after light exposure occurs by the
following mechanism:

(a) As is known, the band of the lone pair electrons sits
just on the top of the valence band, being a localized
state. The light excites the lone pair electrons and exci-
tons are created, thus changing the electrical screening
locally around the chalcogen atom.

(b) The atomic arrangement responds to this through
fluctuations of the bond angle, Inost likely the one on the
chalcogen atom which is in the immediate vicinity of the
absorption event.

(c) The disorder of the bond angle in turn strengthens
the localized state by enhancing its energy a small
amount (a fraction of Eg ).

(d) Finally, the exciton recombines back to the energy-
enhanced localized state if the disorder is stably estab-
lished, or recombines back to the ground state (the undis-
turbed localized state) if the disorder is not stably estab-
lished, and relaxes completely. In either case, the
electron-phonon coupling assists the process. ' Which
rate is larger depends on the stability of the created disor-
der .

The present model can explain the observed reversible
photoinduced phenomenon as does the D+,D model.
Similar to the explanation given by Fritzsche' using the
D+,D model, the present model also predicts that un-
der illumination the light-saturated state is in dynamic
equilibrium. The light-saturated state is reached once the
increased disordered state is established. When light ex-
posure is performed at temperatures higher than that
used in the usual photodarkening procedure, a partial an-
nealing occurs, under illumination as well as at elevated
temperature, that causes the thermal relaxation of the
light-induced bond angle disorder, and results in a partial
bleaching. In another words, heating destabilizes the
light-induced bond angle disorder and reduces the proba-
bility for excitons to recombine back to the energy-
enhanced localized state. This results in a smaller red-

shift for light exposure at elevated temperature. This is
also the mechanism for bleaching when the annealing
procedure is applied.

As pointed out by Fritzsche, ' reversible photodarken-
ing is usually accompanied by a reversible increase in
volume. He suggested that this is related to the increased
repulsive interaction in the more disordered state be-
tween the filled lone pair orbitals. As observed by Tana-
ka, increasing the external pressure can produce the
redshift as well, with a decrease in volume. He argued
that pressure also increases the lone pair interaction. The
D+,D model is unable to deal with this pressure-
induced redshift. ' Here we try to understand the pres-
sure dependence in the context of the bond angle disor-
der. What are the consequences of the increased pressure
with respect to the atomic arrangement of the structure?
In the case of AszS3, a shortening of distances between
the layers is expected since they interact via the weak van
der Waals forces. Second, bond angle changes are likely
to occur. It is harder, though not impossible, to postu-
late creation of the D+,D pair under increased pres-
sure, which compresses the structure as a whole, unlike
light exposure for which electron excitation depends on a
specific electronic structure. It is believed that the lone
pair interaction is enhanced by disordering of the bond
angle due to external pressure, but the sequence is
di6'erent from that for light exposure. It is proposed that:
(a) with increasing pressure, the bond angle changes; (b)
outer electrons respond to the new potential by, most
likely, increasing their energy, which is one way to
transfer the energy due to the compression force, result-
ing in the redshift in the band gap; and (c) if the matrix
distortion does not exceed the elastic regime, the redshift
is reversible. Thus, either for light exposure or increased
pressure, the enhancement of lone pair interaction seems
to be the underlying cause of the redshift. ' '

This mechanism, plus that for light exposure, fits well
to the light-induced redshift under pressure as demon-
strated by Pfei6'er and Paesler for As2S3. Pfeiffer and
Paesler observed a sharp increase of the redshift in the
low-pressure regime (1—5 kbar) and then a rapid decrease
of it with pressure that approached zero at 60 kbar. In
the particular case of As2S3, the presence of external
pressure creates the bond angle disorder as well as helps
to stabilize the light-induced bond angle disorder, and
thus, the probability for excitons to recombine back to
the energy-enhanced localized state is increased. This re-
sults in an increased amount of the redshift with pressure
in the low-pressure region. With an increase of pressure,
the further disordering of bond angles becomes hard and
the response events of the bond angle disorder to electron
excitation by light become few under higher pressure.
Thus, the higher-energy state of the localized states is
hard to stabilize or be populated. This results in the rap-
id decrease in the amourit of the redshift with pressure.

Next, the chalcogen element dependence of the photo-
darkening phenomenon is examined in order to see if the
D+,D model applies. The observation of a threefold-
coordinated tellurium (Te) site in liquid Te ' was con-
sidered experimental evidence that supports the valence
alternation mechanism. However, a study by Mellene,
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Bellissent, and Flank using neutron scattering showed
that the mean coordination number is about 2.5 in liquid
Te, indicating that half of the Te is threefold coordinated
and that the other half is twofold coordinated. Singly
coordinated Te sites thus must be very few, if any. The
study of bulk As Te& „amorphous samples by Ma,
Raoux, and Benazeth using EXAFS and DAXS found a
mean coordination number around Te of -2.4 starting
out at the As2Te3 composition, indicating, also, that the
majority of Te is either twofold or threefold coordinated.
These results imply that creation of a threefold-
coordinated site does not necessarily yield a singly coor-
dinated site and that a mean coordination number of
-2.4 around Te leaves little probability for existence of
such a site. We expect an intermediate situation for the
As2Se3 alloy, but a structural study addressing this ques-
tion has not yet been done. Due to the existence of a
large amount of threefold Te sites, the matrix should be
more connected, rendering it dificult to deform, and the
probability of recombination of excitons into the energy-
enhanced localized states is smaller. This explains why
the magnitude of the reversible photodarkening is small-
est for Te containing glasses and largest for S containing
glasses. Another example is As4S4, for which no red-
shift is observed. This is because of the highly connected
structure of the As4S4 molecular cage.

The disordering of the S apex bond angle implies a lo-
cal motion of the As atoms. The decrease in intensity of
the FSDP, which is believed to be associated with the
structure beyond the SRO, after light exposure ' is
likely related to this motion. A large amount of x-ray-
scattering data shows the existence of the FSDP in many
amorphous materials including As or Ge chalcogenides.
The study of the intensity variation of a given FSDP with
x-ray photon energy demonstrated that it is cation-atom
(e.g. , As or Ge) related. ' " It is speculated here that
the disordering of the S apex bond angle distorts the ma-
trix, resulting in a decrease in intensity of the FSDP. The
matrix organization in turn determines, in part, the de-
gree of the bond angle disorder, the energy level of the lo-
calized state, and thus, the magnitude of the photodark-
ening. This is the reason that the FSDP is also correlated
with the photodarkening phenomenon. ' Changes in the
S bond angle induced by illumination might at first glance
appear to be too small to result in the observed darken-
ing. A simple calculation suggests, however, that the rel-
ative change in volume (b, V/V=6X10 )' concomitant
with photodarkening must involve an opening of the
structure, and furthermore that such a volume change
would occur if the S bond angle were to change by as lit-
tle as 2'. Such a change is not unreasonable given the in-
creased disorder reported here.

Finally, the question as to why the photodarkening
does not occur in the crystalline state is addressed. Like
other models proposed previously, the present model
has a common feature. They all are only possible in an
amorphous state, whose structure is strained in the long

range, but is relatively flexible in the short range. The
basic molecular units are oriented differently in the struc-
ture with respect to the strain vector, resulting in an iso-
tropic characteristic on the macroscopic scale. The
differences from one location to another allow a slight
structural change, such as a change of bond angle, to
occur. In the crystalline structure, the units are well or-
dered. Any local event that violates the basic arrange-
ment, which is not strong enough to destroy the lattice,
will be "suppressed. "The type of disordering reported in
this paper will not occur. Thus, no photodarkening
phenomenon is observed in crystalline chalcogenide ma-
terials.

VI. CONCLUSIONS

A comparative structural study of a well-annealed and
a photosoaked As2S3 thin film, both supported on c-
Si(100) wafers, using the differential anomalous x-ray
scattering technique, has been reported here. A detailed
description of the short-range order and of the bond an-
gles in the structure has been obtained. No evidence for
any change in the first shell structure was observed after
photosoaking. There were also no changes either in dis-
tances or coordination numbers of the second shell.
However, a strong disordering of the As-related correla-
tions, due to illumination, in the second shell was ob-
served. The disordering of the S apex bond angle is in-
creased by about 2.4'. These structural results, together
with recent ones on other chalcogenide amorphous ma-
terials such as As2Te3 (Ref. 24) and liquid Te, do not
support changes in the atomic bonding configuration and
thus the existence of valence alternation D+,D pairs.
Following the principle previously suggested by Mott and
Stoneham, a model is proposed to explain the reversible
photodarkening phenomenon observed in the a-AszS3
thin film and chalcogenide containing amorphous materi-
als.

Instead of an atomic bonding configuration change, the
change of the S apex bond angle after light exposure or
annealing accounts for the reversible photodarkening in-
cluding its various experimental conditions and chal-
cogen element dependences. The present model is more
general than previously proposed models. Moreover,
this model has established a clear relation between the
bonding disorder, which is a local event, and the matrix
organization that involves a longer-range order that is re-
sponsible for the FSDP.
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