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Structure and photoinduced structural changes in a-As283 films: A study
by differential anomalous x-ray scattering
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Differential anomalous x-ray-scattering experiments were carried out on two samples, annealed and
photodarkened a-As2S3 films of 4 pm in thickness. Two x-ray energies were chosen. One is 11 859 eV,
just below the arsenic K edge; the other is 11 700 eV, below the edge by 167 eV. The study of the struc-
ture and photoinduced reversible structural changes in the a-As2S3 films show that the first sharp
diffraction peak (FSDP) is related to intermediate-range correlations. These correlations extend as far as

0 0
7.0 A. Beyond 7.0 A, however, the structure in radial distribution function tends to the average atomic
density. The FSDP is dominated by the arsenic-related atomic correlations, especially As-As atomic
correlation. After photodarkening, the structure overall in both the short and intermediate ranges
moves to a more disordered state. The photoinduced structural changes involve changes of the As-As
atomic pair correlation in the intermediate range as illustrated by the comparisons of the changes be-
tween the annealed and photodarkened a-As2S3 films in the FSDP's and the differential structure factors.

I. INTRODUCTION

Amorphous (a-) As2S3 solid does not possess long-
range order (LRO) as does its crystalline partner, c-As2S3,
or orpiment. Studies by Raman, NMR, infrared spec-
troscopies, and other techniques showed that amorphous
(or glassy) and crystalline As2S3 have a similar local struc-
ture' or short-range order (SRO), which includes
chemical ordering as well as bond lengths and bond an-
gles for nearest neighbors. Studies have shown that the
structure in the intermediate regime between these ex-
tremes of SRO and LRO is not totally random in a-As2S3.
The material possesses certain so-called intermediate-
range order (IRO). IRO is currently one of the most con-
troversial aspects of the structure of amorphous solids.
Some of the strongest evidence for the existence of IRO is
the presence of the so-called "first sharp diffraction peak
(FSDP); in the x-ray and neutron, ' ' scattering in-
tensities in a-As2S3, as well as in a variety of other amor-
phous solids, such as in amorphous' and liquid' GeSe2.
To understand the structure in both SRO and IRO, a
variety of experimental techniques, such as x-ray scatter-
ing, Raman scattering, ' ' and their dependences on
temperature, pressure, kinetics, etc. , and computer mod-
eling have been employed.

A unique phenomenon which exists in many chal-
cogenide materials and their alloys is the photoinduced
structural change. This change can be irreversible or re-
versible. In this study, we focus on the reversible pho-
toinduced structural changes. The reversible photoin-
duced structural change involves photodarkening (a red-
shift in optical absorption gap), ' photodilation, ' '

changes in bond statistics, ' glass transition tempera-
ture, " microhardness and optical anisotropy

effects. ~ The microscopic mechanism of photodark-
ening associated with photoinduced structural changes in
chalcogenide glasses has been studied for many years. To
extract physical information about these changes in
atomic, electronic, and magnetic properties and their
dependences on temperature, composition, pressure, and
kinetics, various experimental techniques have been em-
ployed. These include x-ray and neutron scattering, ' '

x-ray-absorption spectroscopy, ' ' ' electron spin reso-
nance, nuclear quadrupole resonance,
Mossbauer spectroscopy, Raman, ' ' ' and infrared
spectroscopic s.

To further understand the structure and photoinduced
structural changes, especially in the realm of the IRO, in
this paper we present a study of a-As2S3 using differential
anomalous x-ray scattering (DAXS). Like x-ray-
absorption fine-structure (XAFS), DAXS can also pro-
vide species-specific structural information for a material
containing more than one atomic species. Combined
with EXAFS, detailed information about the SRO in
complex amorphous materials can be obtained, and this
information can be extended to IRO about specific
species. In Sec. II, we discuss sample preparation and
characterization. In Sec. III, we briefly describe the ex-
periment and theory of DAXS and the methods of data
analysis. In Sec. IV, we discuss the results in three sub-
sections, viz. , the total structural approach, the
differential approach, and the first sharp diffraction peak.
Finally, in Sec. V, we present the conclusions.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

The as-deposited a-AszS3 films were prepared by eva-
porating bulk glass As2S3 (of purity 99.99% manufac-
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tured by CERAC) in a difFusion-pumped and cold-
trapped system. The deposition rates for the samples
used are about 20 A per second. The vacuum pressure
during evaporation was less than 10 torr. The sub-
strate temperature was room temperature. The substrate
materials chosen depend on the characterizations to be
made, e.g., glass substrates for the optical transmission as
well as Raman-scattering spectroscopies, Kapton sub-
strates for XAFS, and c-Si (100) wafer substrates for
DAXS.

After deposition, the thin films were moved into an an-
nealing chamber. Annealing was at 445 K for 1 in a How
of high-purity argon gas in the dark. Then, through a
slow cooling cycle, the temperature of the samples was
brought back to room temperature. For the study of the
light-soaking effect, the annealed samples were subse-
quently exposed to an Ar laser beam (488 nm and 100
nW) for more than 20 min at 77 K in liquid nitrogen to
avoid photo-oxidation on the surfaces.

The composition of the annealed As„S& „ film as
determined by x-ray-absorption spectroscopy is at
x =0.40 with the error bar of 0.02. We also examined
the structure of our films by using Raman spectroscopy.
The Raman spectra of the a-AszS3 annealed films were
essentially identical to those measured in the bulk
glass. "' The films were also measured using an optical
transmission spectrometer to characterize the shifts of
optical absorption edge as well as the changes in thick-
ness. Taking the values of coeKcient at cz =5 X 10 cm
the optical edge shift is AE=0.07 eV or AE/E =2.8%
for Q-As2S3, which are in the range of the published re-
sults. From the periodic fluctuations of the transmis-
sion data, we also can estimate the thickness of the sam-
ples. The a-AszS3 films show an increase in thickness (as-
suming changes of the index of refraction n can be
neglected) after photodarkening by 0.8%. In brief, the a-
AszS3 films prepared for the DAXS study show in their
Raman spectra, their optica1 edge shifts, and their
changes in thickness a good agreement with reported re-
sults.

2

(f(q, E))'= gc f (q, E)

Here c; is the atomic fraction of species i. The atomic
scattering factor, or coherent cross section, for each
species is expressed in electron units as

f (q, E)=fo(q)+f '(q, E)+if"(q,E),
where q =

~q~ =(4' sin8)/A, is the magnitude of the
scattering vector determined by the scattering angle 20
and the x-ray wavelength A, , and E is the photon energy.
The energy-independent scattering factor fo(q) used in
this work was obtained from parametrized results of cal-
culations by Cr orner and Mann. The anomalous
scattering factors (AFS's) f'(q, E) and f"(q,E) become
significant when the photon energies are near the charac-
teristic absorption edge energies of the atomic species in
the sample. f" represents the absorption contribution to
the scattering factor, which was measured by an x-ray-
absorption experiment over a broad energy range near
the arsenic K edge of an a-AszS3 film. f' was calculated
from f" via a Kramers-Kronig dispersion relation. "
f '(E) and f"(E) for a-As2S3 are shown in Fig. l. At the
x-ray energies used in this study of 11 859 eV ( —8 eV
below the absorption edge) and 11700 eV ( —167 eV
below the edge), f ' is —8 and —4 electrons, respectively.

The total structure factor S(q) can be expressed as a
linear combination of the partial structures factors (PSF)
S;.(q) weighted by weighting factors W; (q, E),

2 2

S(q)= g g W; (q, E)S; (q)., (3)
i =1 j=l
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X-RAY SCATTERING

C0
V
V
&D

C)

0-

A. Theory

When studying amorphous alloys with DAXS, one
generally assumes that correlations are equally likely to
occur in any direction. The resulting x-ray-scattering in-
tensity can be written as

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

where, for a binary sample,
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and
FICr. 1. f'(E) and f"(E) of a-As2S, and As IC edge energy,

11 867 eV, plotted vs x-ray energy.
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tor q(S(q) —1) gives the reduced distribution function
which is expressed as

4vrrp&[g (r) —1]= —Iq [S(q)—1]sin(qr)dq, (5)
2

where 4rrr pog (r) is the distribution function.
In use of the anomalous scattering effect at a given

species edge proposed by Shevchik ' and first imple-
mented by Fuoss et al. one uses the difference

I(q, E, ) I(q,—E2)

=5„[(f ) —(f ) ]+6,„[(f ) ]ES(q), (6)

where b.„[] indicates the difference between energies E,
and E2 of the quantity in square brackets. The energies
E, and E2 are chosen so that only the As atom's scatter-
ing factor changes, thus Eq. (6) is sensitive only to corre-
lation involving As (i.e., As-As and As-S). The
differential structure factor bS (q) for a binary material is
defined as

FIG. 2. The weighting factors of As-As, As-S, and S-S atom-
ic pairs vs q (in A ) at energy 11 700 eV.

2 2

bS(q)= g g W; (q, E„E2)S;,(q),
i =1 j=1

where the weighting factors are

(7)

where

f;(q, E)f (q,E).
W, (q, E)=c;c

f(q, E)
(4)

po is the average atomic density and g, (r~) is the partial
reduced radial distribution function. Figures 2 and 3
show the weighting factors of As-As, As-S, and S-S atom-
ic pairs at two different energies, 11700 and 11 859 eV,
respectively, where we can see that the partial structure
factors play a different role with the change of energy.

A Fourier transform of the reduced total structure fac-

~~ [f;f,)W;.(q, E„E2)=c;c.'~~[ f '1

In the case of Q-As2S3, the differential weighting factors
from two different energies (ll 859 and 11700 eV) for
As-As, As-S, and S-S atomic pairs are shown in Fig. 4.
As we can see, the arsenic-related weighting factor is still
finite, while the S-S weighting factor approaches zero.
This thus removes the S-S partial structure factor in Eq.
(8) and gives the arsenic atomic environment.
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FIG. 3. The weighting factors of As-As, As-S, and S-S atom-
ic pairs vs q (in A ) at energy 11 859 eV.

o —1

FIG. 4. The differential weighting factors vs q (in A ) at en-

ergies, 11859 and 11700 eV, for As-As, As-S, and S-S atomic
pairs.
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B. Experiment

The 0AXS experiments were carried out at the
Wiggler beam line at LURE-DCI, in France. Figure 5 is
the schematic drawing of the experimental apparatus.
The x-ray beam from the wiggler magnet ( Wl) on the
DCI storage ring passes through a beryllium window, is
confined by a two-dimensional adjustable slit, S, , and
then enters the double-crystal monochromator which
consists of two independent silicon (220) crystals. The
temperature of the crystals was controlled at 12 C. The
beam out of the monochromator was partially rejected
by Kapton tape to a photomultiplier (PM) to take into
account the decay of the beam, and finally impinges on
the sample. The slits S& and S4 restrict the beam size
which, in turn, control the band pass of the photon ener-
gy. Slits S2 and S3 were used to remove stray light to im-
prove the signal-to-noise level. The sample is mounted
on a two circle goniometers, which can separately control
rotations of the sample and the detector in the vertical
plane. The scattering pattern was recorded with a step
by step method using a fixed time interval of 15 s per
step. The step size was 0.05 A ' in q.

The detector active area is formed by 12 parallel Si:Li
plates. Each plate is 20 mm long and 2 mm high. The in-
terval between plates is 2 mm. Each plate is used as an
independent detector. A radial slit system is used to
reduce spurious signals (mostly air scattering). The
photon-activated charges are collected in 12 independent
charge preamplifiers. The output voltage signals are pro-
cessed independently in 12 amplifiers which produce a
pulse for each event of height proportional to the photon
energy. The energy resolution is better than 260 eV at
the iron E edge, which is sufficient to discriminate
against the I(. a, but not the EP fluorescence in the exper-
imental spectra. To experimentally obtain the ratio be-
tween fluorescence Ka and KP, a measurement at x-ray
energy far above the arsenic E edge was made to
sufficiently separate KP from the coherent part of the sig-
nal. The ratio IC13/Ea was found to be 0.169. During
the experimental manipulations, the multiwindow setup
in the multichannel analyzers allowed us to simultaneous-
ly collect the scattering data, which was mixed with
fluorescence KP and Compton scattering, and fluores-
cence Ea. The advantage of this setup was to let one get
fluorescence ICP from the experimental data of fluores-
cence I(.a which was multiplied by the ratio ICI3/Ka as
given above. And then one can subtract this fluorescence
I(.P from the scattering data. Under the conditions used

solid —state
detector

in this experiment, the linearity of the counting rate is
found to have no deviation up to 3000 counts per s (cps)
in each detector. The rate decreases by less than 7% at
5000 cps. The maximum rates in the range of the data
we used did not exceed 3000 cps. The amplifier outputs
are sent to a multiplexer system which includes a fast
analog-to-digital converter (ADC). The ADC converts
the signals over a range of 512 channels which can be set
up to 16 regions and used as a multichannel analyzer for
an incremental memory.

For the As2S3 thin films, 4 pm in total thickness, the
measured signals at the detector include not only the elas-
tic scattering, but are also affected by the substrate, air
-scattering, fIuorescence, and Compton scattering. Fur-
thermore, the signal is also distorted by absorption and
geometrical factors. In order to eliminate a great part of
the substrate signal, a grazing incidence geometry was
used where the angle Oo was fixed at 3 . The data correc-
tion procedures include (1) normalization by the intensi-
ty of the incident beam which allows one to remove the
time instability of the incident x-ray beam; (2) the
geometry absorption correction; (3) the removal effects of
the silicon substrate; (4) the polarization correction; (5)
the interactive volume correction; (6) subtraction of
fluorescence KP; (7) normalization to a per electron
scale; ' and (8) subtraction of the Compton scattering.

IV. RESULTS AND DISCUSSIONS

This section includes three subsections. The first con-
tains the total structural approach presenting the data of
two samples (annealed and photodarkened a-As2S3), mea-
sured at two different x-ray energies, (11 859 eV near the
arsenic IC edge, and 11 700 eV below the edge by 167 eV).
The second subsection includes the differential results,
and the third contains a discussion of the first sharp
diffraction peak.

A. Total structural factors

Two samples, both annealed and photodarkened, were
measured consecutively at two energies, 11 859 and
11700 eV, respectively. Table I lists all the values of f'
and f"of arsenic, sulfur, and silicon atoms at arsenic ICa
(10530 eV), EP (11 722 eV), and the two measured x-ray
energies (11 700 and 11 859 eV). After treating the data
as discussed in Sec. III and removing the unphysical os-
cillations for 0 ~ r 1.8 A (which are related to slow vari-
ance of the background distortions with scattering angle
and inversing Fourier transform back to q space), one ob-
tains the coherent scattering intensities as shown in Fig. 6
for the both annealed and photodarkened samples. The

Synchrotron
Radiation monochromator

ionization
chamber Kapton

TABLE I. f' and f" values (electron units) of As, S, and Si
atoms at the energies used in this experiment.

S2 S3 Energy (eV) f' (As) f" (As) f' (S) f" (S) f' (Si) f" (Si)

Table

FICx. 5. Schematic drawing of the differential anomalous x-
ray-scattering experimental aparatus.

11 859
11 700
11 722
10 530

—8.20
—4.20
—4.24
—2.07

0.674
0.500
0.500
0.617

0.238 0.339
0.234 0.331
0.234 0.332
0.204 0.269

0.170
0.166
0.166
0.140

0.198
0.193
0.193
0.156
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FIG. 6. Elastic scattering intensity (electron ) vs q. The
upper two curves are for a scattering energy of 11700 eV and
the lower two curves for 11859 eV. The solid lines are the a-
As2S3 annealed film and the crossed and circled lines are the
photodarkened film.

uppermost curves were measured at 11 700 eV, while the
lower curves were measured at 11859 eV. The solid
curves are the annealed film while the dotted curves are
the photodarkened film. Both figures show overall excel-
lent matches between the annealed and photodarkened
films from low to high q. However, clear differences be-
tween the annealed and photodarkened films, especially
at 11 700 eV in Fig. 6, can be observed. Enlargements of
the region from 1.25 to 1.8 A ' are shown in Figs. 7 and
8 at energies at 11700 and 11 859 eV, respectively. Fig-
ure 7 shows that the intensity of the first sharp diffraction
peak at q =1.12 A ' is lowered from 320 electron in
the annealed film to 290 electron in the photodarkened
film. The peak is also slightly shifted from q =1.12 to
1.13 A '. The changes of both the intensity and the
shift were first reported by Tanaka. However, our re-
sults show the minimum at q =1.55 A ' does not in-
crease as given by Tanaka, but is roughly unchanged.
We believe this is because our data are over a longer
range in k which allows for a better normalization pro-
cedure. The differences between the annealed and photo-
darkened films for both lower and higher q values indi-
cate photoinduced structural changes involve IRO as
well as SRO. However, the scattering intensities in the
annealed and photodarkened films at an x-ray energy of
11 859 eV in Fig. 8 do not show as significant a change as
they do at 11 700 eV in Fig. 7.

The only difference between the x-ray scattering at the
two energies is the weighting factors for each atomic pair

FIG. 7. A local enlargement of Fig. 6 around the FSDP for
the data taken at 11700 eV. The solid line is the annealed a-
As2S3 film and the dotted line is the photodarkened film.

correlation which change as shown in Figs. 2 and 3. In
the regions of the FSDP, the As-S weight factor, 8'~, s, is
essentially unchanged between 11700 and 11859 eV.
The As-As weight factor, 8 A, A„on the other hand,
changes by approximately 0.1 between these two ener-
gies. Thus, the photoinduced changes in the FSDP at
11700 eV (Fig. 7) coupled with the lack of any such
changes at 11 859 eV (Fig. 8) suggest that the
modifications in structure resulting from photoirradiation

250

200
bQ

~ %~I
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g
150

Q

100
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1.5

FIG. 8. A local enlargement of Fig. 6 around the FSDP for
the data taken at 11859 eV. The solid line is the a-As2S3 an-
nealed film and the dotted line is the photodarkened film.
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FSDP is probably due to contributions of Fourier com-
ponents from a broad region of real space, such as a den-

0

sity deficit at about 4.5 A, rather than a distinct struc-
tural feature.

In this study, we use an inverse Fourier transform
method as shown in Fig. 11 to increase our understand-
ing of the origin of the FSDP. The reduced structure fac-
tor and the reduced radial distribution function are two
equivalent expressions in two different spaces (i.e., q space
and r space, respectively), if the scattering pattern beyond
q maximum is not significant (i.e., if it is close to the
structureless independent scattering factor) and if the ra-
dial distribution function beyond R maximum is close to
the average atomic density. Therefore, to make inverse
Fourier transforms, we fix the lower range of r at the ori-
gin and vary the upper limit of r. Any feature in a con-
tinuous scattering pattern arises from the linear superpo-
sition of many Fourier harmonics. The truncation of the
r range is a simple removal of the components of the
Fourier harmonics from the truncated range, although a
termination error could be introduced into the inverse
Fourier transforms. Figure 11 shows that the inverse
Fourier transforms obtained in this way. From the bot-
tom curve to the top, the r maximum changes from 10 to
7.68, 6.52, 6.11, 5.09, 3.89, and 3.24 A. Comparing these
curves, we can see the bottom two curves are very simi-
lar, suggesting that the structure beyond 7.68 A in r
space does not affect the scattering pattern significantly.
In other words, the structure beyond 7.68 A in this amor-

phous material is very close to the average atomic densi-

ty, or structureless. The third curve from the bottom,
which is taken with r maximum at 6.52 A, shows a
significant change, especially at the position of the FSDP
or 1.1 A '. In this case, the peak seen in the two bottom
curves is almost gone. %'ith further decrease of R max-
imum, the top four curves are changed, not only at the
lower-q side, but also at the higher-q side. As we know,
intensity features of a scattering pattern at low q reAect
mainly longer-range orderings in r space. Therefore,
what we can say in this inverse Fourier transform study

0
is that the FSDP at 1.1 A ' involves certain structural
ordering extending as far as a feature in r space at around
7 A. The atomic structure below 6.5 A (which, of course,
also affects the FSDP somewhat) is not significant enough
to result in a FSDP as strong as that which is observed.

It has been suggested by de Neufville, Moss, and
Ovshinsky, and applied by others, ' that structural
correlations in amorphous materials could be approxi-
mately determined by applying the Scherrer formula to
the FSDP. For the annealed sample of a-As2S3 measured
at an x-ray wavelength A. =1.06 A (E =11700 eV), the
result is a length of 21 A. But, the use of the Scherrer
formula which is used to analyze the width of a
diffraction peak containing many harmonics is not strict-
ly applicable to a peak in the x-ray-scattering pattern
which has, at most, a few harmonic components. This
caveat was indeed recognized by de Neufville in the origi-
nal paper but apparently has not been recognized subse-
quently.

Many models have been proposed to associate with the
scattering data, especially to identify the origin of the
FSDP's. These include random helical segments,
"rafts, " ' layered structure, ' ' dense random pack-
ing, ' '" etc. As we know, modeling plays an important
role in structural studies of amorphous solids. The
choice between possible models, in the case as presented
in this paper which includes both structure and photoin-
duced structural changes, involves not only diffraction
data but also a wide range of other techniques, such as vi-
brational and magnetic resonance spectroscopies. How-
ever, we do not discuss this issue in this paper any fur-
ther. An extensive discussion by Zhou can be found else-
where.

V. CONCLUSIONS

—2
0 5

(A-1)

FIG. 11. Inverse Fourier transforms of the data in Fig. 9 vs

q. The R minimum is taken at the origin. From the bottom
line to the top, the R maximum is taken to be at 10, 7.68, 6.52,
6.11, 5.09, 3.89, and 3.24 A.

Comparing the scattering data between the annealed
and photodarkened a-As2S3 films, we conclude that the
structure overall (both the SRO and the IRO) moves to a
more disordered state upon photoillumination. The pho-
toinduced structural changes involve the changes of the
As-As atomic pair correlation. Study of the FSDP leads
us to conclude that the FSDP is related to the
intermediate-range correlations and these correlations are

0 0
extended as far as 7.0 A. Beyond 7.0 A, however, the
structure in radial distribution function in a-As2S3 tends
to the average atomic density. Through the discussions
of the total scattering factors at the two different x-ray
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energies and their di8'erentials, we conclude that the
FSDP is dominated by the arsenic related atomic correla-
tions, especially the As-As atomic correlation. Further
measurements are planned to extend the q space range
and improve the signal-to-noise ratio in order to attempt
a quantitative analysis of the diC'erential distribution
function.
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