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Photoexpansion in As2S3 glass

Keiji Tanaka
Department of Applied Physics, Faculty of Engineering, Hokkaido University, Sapporo 060, Japan

~Received 30 June 1997!

Mechanisms of photoexpansion in chalcogenide glasses have been studied in three respects. A detailed x-ray
investigation of As2S3 shows that the photoexpansion can be connected with asymmetric broadening of the first
sharp diffraction peak. Comparison between radiation-induced volume changes and density ratios of glassy-
to-crystalline forms in As2S3 and SiO2 implies that As2S3 can expand since the glass is as dense as its crystal.
When As2S3 is exposed to illumination, the photoexpansion appears earlier and later than the photodarkening
for bandgap and subbandgap illumination, respectively. These observations are discussed from a microscopic
point of view. @S0163-1829~98!09209-1#
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I. INTRODUCTION

Photoinduced phenomena in chalcogenide glasses
attracted considerable interest because of their scientific
technological importance.1,2 In scientific respect, the phe
nomena are assumed to be caused through electron-la
interaction in metastable disordered atomic structures,
subject not yet being understood. In addition, the phenom
are promising for optical applications. For instance,
photoinduced phase change discovered by Ovshins
group3 has been developed to erasable optical m
memories.4

Among a variety of phenomena, reversible photodark
ing is one of the most extensively studied.1,2,5 When a chal-
cogenide glass, which may be elemental or compound
exposed to light, it shows a redshift of the optical-absorpt
edge, which can be recovered with annealing at the gl
transition temperature. Bandgap light is effective in prod
ing the redshift,1,5 while subbandgap light can also induc
some changes.1,2,6 The photodarkening phenomenon is de
onstrated to arise from photoinduced enhancement of
domness in amorphous structures,7 while the entity of atomic
change is still speculative.1,2

Chalcogenide glasses also exhibit volume changes u
light illumination.1,2 Hamanakaet al. have discovered tha
when a chalcogenide glass is photodarkened by bandga
lumination, the material exhibits a macroscopic expans
whereupon it is recovered with annealing.8–10 The fractional
expansionDV/V is, for instance, about 0.5% in As2S3 illu-
minated at room temperature.8,9,11,12 In addition, Hisakuni
and Tanaka have recently demonstrated that, upon illum
tion of subbandgap light, chalcogenide glasses exhibit m
dramatic expansion, which can be referred to as ‘‘gi
photoexpansion.’’13 For instance, As2S3 exposed at room
temperature to light emitted from a He-Ne laser exhibits v
ume expansions of;5%, which can be utilized as
microlenses.14 It may be valuable to mention here that,
SiO2 glass, irradiation gives rise to an opposite effect, ‘‘r
diation compaction,’’15–17i.e., densification induced by irra
diation, which can also be thermally recovered.

Then, we may pose some questions. What kind of ato
changes is responsible for the photoexpansion? Why
As2S3 and SiO2 show the opposite volume changes up
570163-1829/98/57~9!/5163~5!/$15.00
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irradiation? Do the photodarkening and the photoexpans
both being induced by bandgap and subbandgap illum
tion, arise from a single mechanism? The present work w
deal with these problems.

II. EXPERIMENTS

The samples investigated were As2S3 glass in bulk forms
and films. Bulk samples were prepared through the conv
tional melt-quenching and polishing procedures. Films w
obtained by evaporating the bulk ingots onto substrates
oxide glasses~for optical and expansion measurements! and
Al foils and Si wafers~for x-ray measurements!. Thicknesses
were 1–50mm. These samples were annealed at the gla
transition temperature before measurements. Then,
samples were exposed to bandgap light provided from a
W ultrahigh pressure Hg lamp and an Ar laser, and to s
bandgap light from a He-Ne laser.

Photoinduced effects were evaluated in three propert
Optical transmittance was measured using a conventio
double-beam spectrometer~JASCO, V-570S!. Photoexpan-
sion was measured using a surface profile-meter~TENCOR,
a-step! and an atomic-force microscope~Burleigh, Aris
3300!. X-ray-diffraction patterns were obtained using a d
fractometer system consisting of a rotating Cu ano
~Rigaku, RU-300! and a proportional counter fitted with
graphite monochromator. In some measurements, the de
tor was replaced to a position-sensitive proportional coun

III. RESULTS AND DISCUSSION

A. Origin of the photoexpansion

In order to know an atomic mechanism of the photoe
pansion, detailed x-ray-diffraction patterns before and a
light illumination have been measured. Figure 1 shows
typical result. We see in the upper pattern that the first sh
diffraction peak~FSDP! is located at the wave numberQ
.1.2 Å21, consistent with previous studies.5,7,18 The lower
pattern shows the intensity difference between the anne
and the illuminated state, where positive differences indic
decreases in the x-ray intensity with illumination.

Two kinds of photoinduced FSDP changes should
marked. First, angular shifts of the peak position, which
5163 © 1998 The American Physical Society
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5164 57KEIJI TANAKA
prominent for samples illuminated at low temperatures,7,19

are not detected, or very small;20 the result being consisten
with Ref. 21. Second, the peak becomes weaker and bro
with illumination, and at peak tails intensity enhanceme
occur. In more detail, we see that the photoinduced inten
enhancement~negative difference! at the peak tails is no
symmetric. That is, the intensity enhancement atQ
.0.8 Å21 appears to be broader than that at;1.5 Å21.

Since the asymmetric photoinduced FSDP change is v
small, reproducibility of the result has been examined ca
fully. For instance, As2S3 samples were illuminatedin situ
on goniometers. And, the asymmetric change was inve
gated for three kinds of samples; films deposited on Si s
strates and polished bulk samples in a reflection~Bragg! ar-
rangement, and films on Al-foil substrates in a transmiss
~Laue! arrangement. All the samples exhibited similar t
changes. However, x-ray intensity atQ<0.3 Å21 was not
reproducible, probably due to mechanical noise.

We here try to extract some insight from the asymme
change under an assumption that the FSDP governs the
roscopic density. Actually, it is demonstrated through pr
sure studies that the changes in the FSDP position and
macroscopic density are quantitatively correlated.22 Accord-
ingly, a similar situation can possibly be envisaged for
photoinduced phenomenon.

To perform some calculation, an assumption for origins
the FSDP is needed. The subject is still controversial,23–25

while the so-called distorted-layer model originally propos
by Vaipolin and Porai-Koshit18 can be employed as a bas
for the present calculation. In the model, the FSDP is in
preted as a Bragg peak reflected from stacked distorted
ers, consisting of As-S bonds, which are held together w
weak forces of van der Waals character;18,25 the overall
structure resembling crumpled papers. Hence, in this mo
the FSDP position of 1.2 Å21 is interpreted to represent th
interlayer distanceD of ;5 Å, and the FSDP width is un
derstood on the basis of the Scherrer equation26 to be a mani-
festation of the correlated dimension of stacked regio
;20 Å.27

FIG. 1. An x-ray diffraction pattern of an annealed As2S3 bulk
sample~upper! and the intensity decrease~lower! induced with il-
lumination from an Hg lamp for 1 h. Positive difference mea
intensity reduction with illumination.
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Then, we can analyze in the following way: The macr
scopic density changeDV/V is proportional to DD/D
.2*QDI (Q)dQ/*QI(Q)dQ, whereI (Q) is the FSDP in-
tensity in the annealed state, andDI (Q) is the photoinduced
change.28 The integral has been performed over the FSD
0.3– 2.1 Å21,29 which gives DD/D.160.5%, where the
error is mainly due to sample-to-sample variation. This ra
is comparable to the experimental observations of the ph
expansion,DV/V.0.5%,8,9,12 despite the rough estimatio
procedure. In detail, we must take into account x-ray chan
in the whole wave number, specifically in smaller wav
number regions, the proportionality factor betweenDV/V
andDD/D,22 and so forth.

Although the above analysis is preliminary, the quanti
tive agreement between the x-ray and the macrosco
change implies that the increase in structural randomness
pearing as the asymmetric FSDP change governs the vol
expansion. Since the FSDP central position does not cha
the typical interlayer distance of;5 Å21 seems to be intact
However, the x-ray intensity enhancement atQ.0.8 Å21

implies that at a few places the interlayer distance beco
as wide as;10 Å. We may envisage the generation of i
homogeneous structures containing some interlayer crac

Similar structural changes may be induced by subband
illumination, while reproducible FSDP changes could n
been detected. This was mostly due to more stringent exp
mental situations. For subbandgap illumination provid
from He-Ne lasers the light beam should be focused o
spots of;0.1 mm2,13 and accordingly small x-ray change
could not be detected accurately, despite an efficient co
ing system including a position-sensitive detector.

It seems fair to discuss another possibility which m
give rise to the volume expansion. Regarding structu
changes induced by illumination, it is demonstrated throu
vibrational studies that heteropolar bonds are converted
homopolar bonds, i.e., As-S to As-As and S-S.1,30,31The con-
version may cause the volume expansion, since the b
length of As-As @2.57 Å ~Ref. 32!# is longer than that of
As-S @2.24 Å ~Ref. 32!#. However, the S-S length is reporte
to be shorter@2.05 Å ~Ref. 32!#, and accordingly it is not
necessarily evident if the heteropolar-to-homopolar bo
conversion can produce the volume expansion. In addit
in GeS2, which is also known to exhibit photoinduced vo
ume expansion~see Table I!, such heteropolar-to-homopola
bond conversion has not been detected through Ram
scattering studies.33 Therefore, it seems less probable that t
bond conversion causes the volume expansion.

Photoinduced creation of voids is also plausible, wh
may be detected using small-angle x-ray scattering. Ho
ever, we could not obtain reproducible features in x-ray
tensity atQ.0.1 Å21. It is mentioned here that void con
centration in As2S~Se!3 has been demonstrated to be sm
and stable,34,35 while no data are available for the photoin
duced change.

B. Radiation effects on density in chalcogenide
and oxide glasses

Table I summarizes volume changes induced by some
radiation in chalcogenide and oxide glasses at room temp
ture. These volume changes are assumed or demonstrat
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TABLE I. Volume changes in some chalcogenide glasses, oxide glasses, and crystals induce
irradiation denoted. Glass and crystal are abbreviated tog- andc-. Also shown byrg andrc are the glass
density and the density of the corresponding crystal. The ratio is given asR5rg /rc .

Material Excitation DV/V ~%! rg (g/cm3) rc (g/cm3) R

g-As2S3 Light 10.4 ~Refs. 8, 9! 3.2 ~Ref. 45! 3.43 ~Ref. 46! 0.93
Light 10.7 ~Ref. 12!

g-As2Se3 Light 10.7 ~Ref. 12! 4.58 ~Ref. 47! 4.75 ~Ref. 46! 0.96
g-GeS2 Light 10.5 ~Ref. 10! 2.7 ~Ref. 48! 2.94 ~Ref. 46! 0.92
g-SiO2 E-beam 23 ~Ref. 49! 2.2 ~Ref. 46! 2.65 ~Ref. 46! 0.83

Neutron 23 ~Ref. 39!
g-ray 20.01 ~Ref. 50!

g-Ge1As4Se5 Light 20.2 ~Ref. 8!
g-SiO2-Na2O Light 1 ~Ref. 17!
c-SiO2 Neutron 115 ~Ref. 39!

E-beam 110 ~Ref. 49!
c-KBr X ray 10.0001~Ref. 37!
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be reversible, i.e., the changes can be recovered with an
ing. We see that the volume changes in simple chalcoge
glasses and SiO2 are opposite; upon irradiation the chalc
genide expands and the oxide contracts. However, in b
cases, diffraction studies show that irradiation always gi
rise to randomness enhancements in amorphous struct
specifically at around the FSDP’s, as demonstrated for c
cogenide glasses in Refs. 7, 19, 21 and Fig. 1 and for SiO2 in
Ref. 36.~It is mentioned here that in SiO2 the FSDP shifts to
higher angles, in harmony with the volume contraction.!

It is known that in ionic crystals irradiation always in
duces volume expansion, some examples being listed
Table I. The volume expansion has been understood to
manifestation of the creation of point defects such as thos
the Schottky type.37 This result suggests that the randomne
enhancement in ordered structures causes volume expan

Following this notion, we list in Table I the densities o
crystalline and glassy chalcogenides and SiO2 and its ratio
R(5rg /rc). Here,R can be regarded as a measure of
compactness of glassy structures in comparison with tha
the corresponding crystalline structures, which are assu
to be the most compact.

We see that in the stoichiometric chalcogenide glasseR
>0.9, while R.0.8 in SiO2. This greaterR value in the
chalcogenide glasses implies that the structure is fairly
dered, and accordingly irradiation can increase the struct
randomness, which causes volume expansion, as is the
in the ionic crystals. In contrast, in SiO2 the structure is less
dense and more disordered, probably due to thr
dimensional random network structures.36,38 Accordingly, ir-
radiation can give the densification with mechanisms pr
ently speculative.15–17

We can also offer coherent explanation for a few exc
tional cases listed in Table I. For Ge1As4Se5, a ternary non-
stoichiometric glass, the structure is assumed to be fa
random and three-dimensional.38 Thus, it exhibits the photo-
densification, as SiO2 does. On the other hand, SiO2-Na2O
can be assumed to be fairly dense, since the Na2O network
modifiers fill free spaces in the three-dimensional rand
structure.17,39 Hence, it can expand accompanying rando
ness enhancement.
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C. Photoexpansion and photodarkening in As2S3

In order to investigate the relationship between the p
toexpansionDV and the photodarkeningDE, dependence on
exposure time has been measured. Figure 2 shows the re
for DL, which is equivalent toDV since the expansion oc
curring at free surfaces is measured, andDE upon bandgap
and subbandgap illumination.

FIG. 2. The photoexpansionDL and the photodarkeningDE as
a function of exposure times in As2S3 for bandgap~a! and subband-
gap ~b! illumination. DL is evaluated at the height of expansio
and DE denotes the redshift of the optical-absorption edge. T
samples in~a! and ~b! are an As2S3 film with a thickness of 3mm
and a bulk As2S3 flake with a thickness of 50mm. Light sources are
~a! an Ar laser (\v52.4 eV) and ~b! a He-Ne laser (\v
52.0 eV).
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We see in Fig. 2~a! that for bandgap illumination (\v
52.4 eV) DL increases earlier thanDE. Actually, if time
constant is evaluated at the exposure time needed to in
half of the total change, the time constant forDL is shorter
by about an order than that forDE. Note that similar results
have been obtained also for bandgap illumination provid
from the Ar laser with\v52.54 eV and the Hg lamp emit
ting polychromatic blue light. In contrast, as shown in F
2~b!, for subbandgap illumination (\v52.0 eV), DL in-
creases more gradually thanDE. We might assume that th
photoexpansion and the photodarkening arose from si
structural changes, while the above results clearly dem
strate that the phenomena are not in one-to-
correspondence.42

The noncorrespondence betweenDL andDE is also seen
in their annealing kinetics. Figure 3 shows the isochro
annealing characteristics forDL andDE in As2S3, which has
been exposed beforehand to 2.54 eV light. Annealing is p
formed successively for 1 h athigher temperatures, andDL
andDE are measured at room temperature. We see thatDE
disappears completely with annealing at 450 K, whileDL
disappears at 490 K. This characteristic implies that the p
toexpansion is a manifestation of structural changes i
wider scale. For subbandgap illumination,DL is appreciably
greater as shown in Fig. 2~b!, and accordingly complete ther
mal erasure has been difficult. In fact, even with annealin
500 K for 1 h, we can still find a trace of an illuminated sp

The feature that the photoexpansion and the photodar
ing in As2S3 do not correspond to each other has also b
demonstrated in a pressure study.11 That is, the volume ex-
pansion of;0.5% at 1 atm is almost completely suppress
by application of 2 kbars hydrostatic pressure, while
compression enhances the photodarkening. At higher p
sures, the photodarkening becomes smaller,40,41and probably
the photoexpansion does not appear since amorphous s
tures are fully compressed.

The exposure-time dependence under bandgap illum
tion shown in Fig. 2~a! appears anomalous, and we he

FIG. 3. Isochronal annealing characteristics of the photoexp
sion DL and the photodarkeningDE. The sample is an As2S3 film
with a thickness of 3mm, which has been exposed to 2.54 eV ligh
and it is annealed for 1 h successively at the higher temperatu
indicated.
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speculate about that. The photodarkening is assumed t
induced by some atomic changes in a small scale, such a
bond-twisting motion of chalcogen atoms.1,2 Strains can be
produced through the atomic change, which may give rise
the redshift of the optical-absorption edge. However,
strain can possibly be relaxed with interlayer relaxation, e
widening, which appears as the photoexpansion. A study
transient characteristics implies that the structural relaxa
may occur with a time scale ofms.43 The interlayer widening
can also produce some free spaces, where the atomic ch
responsible for the photodarkening can occur furthermo
Accordingly, the overall photodarkening may appear see
ingly later than the photoexpansion.

For the result induced by subbandgap illumination sho
in Fig. 2~b!, photoinduced fluidity seems to add an importa
role. Hisakuni and Tanaka have demonstrated that the g
photoexpansion, i.e., the photoexpansion induced by s
bandgap illumination, is caused by the conventional pho
expansion and the photoinduced fluidity.13 That is, since sub-
bandgap light can penetrate into a deep interior of a sam
i.e.,;100mm, the photoexpansion there must be transfer
to irradiated free surfaces through the photoinduced fluid
which may be induced through interlayer slippage and bo
interchanges.44 On the basis of this model, the delayed i
crease inDL under subbandgap illumination can be inte
preted to be a manifestation of the longer strain-convers
process through the photoinduced fluidity.

IV. SUMMARY

Mechanism of the photoexpansion in As2S3 glass has
been studied from three respects. First, detailed x-ray
vestigation which assumes the distorted-layer model s
gests that the photoexpansion is caused by the increas
structural randomness accompanying the widening of the
terlayer distance in some places. Second, the reason
As2S3 exhibits the photoinduced volume expansion, in co
trast to the radiation compaction in SiO2, has been consid
ered. The expansion seems to appear in glasses posse
compact structures comparable to crystalline structures
contrast, SiO2 seems to have a greater free volume due
three-dimensional structures, and accordingly it exhibits
diation compaction. Third, it has been demonstrated that
photoexpansion and the photodarkening do not appear si
taneously. For bandgap illumination, the photoexpansion
pears earlier than the photodarkening, which may imply t
the interlayer widening can produce additional sites wh
are responsible for successive photodarkening processe
contrast, for subbandgap illumination, the photoexpans
appears later. Photoinduced fluidity occurring over long d
tances are possibly responsible for the delayed photoex
sion.
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