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Mechanism of photoinduced anisotropy in chalcogenide glasses
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Structural and optical anisotropies have been investigated in some chalcogenide glasses exposed to illumi-
nation of linearly polarized light. X-ray diffraction patterns of illuminated,8gmanifest a structural modi-
fication at~1 A~L. Photoinduced birefringence in 4% becomes maximal at some temperature, which is
higher for illumination with a lower photon energy. The photoinduced birefringence becomes greater in the
order of AsSe;, As,S;, and Se, which is the same with the order of the natural birefringence in the corre-
sponding crystals. These observations suggest that the photoinduced anisotropy arises from orientation of
quasicrystalline clusters. The model is compared with photoinduced anisotropies observed in other materials.
[S0163-18296)06138-3

[. INTRODUCTION corresponding crystalline structure are assumed to be ori-
ented with illuminatiorr.®19

Chalcogenide glasses are known to exhibit a variety of In order to elucidate the microscopic mechanism of the
photoinduced phenomena*among which the photoinduced photoinduced anisotropy, the structural element responsible
anisotropy® has aroused considerable interests infor the optical anisotropy should be revealed. The present
fundamentd?° and applied research&s?® The phenom- experimental studies including x-ray and birefringence mea-
enon refers to the observations that chalcogenide glasses esurements for elemental and stoichiometric chalcogenide
hibit optical anisotropies, i.e., birefringence and dichroism dlasses strongly suggest that the crystalline model is more
When exposed to |inear|y p0|arized ||ght The photoinduced)lausible. In addition, |t iS ShOWh that |0ca|ized photoeXCited
anisotropy is metastable after cessation of illuminationcarriers can effectively produce the optical anisotropy.
while it can be erased with illumination of circularly or un-
po_lar_ized Iight or with annealing. In ad_dition, th_e an_isotropic Il EXPERIMENTS
principal axis can be altered by changing the direction of the
electric field vector of polarized light. That is, we can induce, X-ray and birefringence measurements were performed
erase and change the optical anisotropy, repeatedly. It is alassing annealed films of AS;, As,Se; and Se. These films
demonstrated very recently that even circularly or unpolarwere prepared by evaporation, which were then annealed in a
ized light can induce the anisotropy, if light is incident uponflowing Ar atmosphere at the glass-transition temperatures
a sample from sideward directioffs!"° for 1 h. In details, for the x-ray measurements,®dilms of

The mechanism of the photoinduced anisotropy can babout 4—8um thickness deposited onto mica films, Al foils,
understood in a phenomenological sense through Fritzscheand Si-crystal wafers were examined. On the other hand, for
model® He has proposed that isotropic dielectric tensorsghe optical measurements, /5 films with thickness of
characterizing annealed glasses become anisotropic with i—50 um, As,Se; films of 2 um, and Se films of 1-1%m
lumination, since structural elements having the tensor comdeposited on to oxide-glass substrates were employed. For
ponents parallel to the electric field of illumination are ex-accurate optical measurements, thick films peeled off from
cited preferentially, which may be rotated to other directionsghe substrates were preferred, since the substrates exhibited
when relaxed. Therefore, consistent with experimentalnhomogeneous birefringence. Subsidiary measurements for
observation?® the negative anisotropy is induced; that is, bulk As-S glasses have also been made.
the birefringenceAn=n(ll)—n(L) and the dichroismA« X-ray diffraction was investigated for the reflection
=a(l)— (L) are negative, wherm is the refractive index at (Bragg and the transmissiofLaue arrangement. To obtain
transparent wavelengths ands the absorption coefficient at accurate results, the substrate must be rigid in the reflection
around optical absorption edges, and the symbasad L arrangement, and accordingly the samples deposited upon Si
refer to the electric field vectors of probe light parallel andwafers were inspected. On the other hand, in the transmis-
perpendicular to that of excitation light. sion arrangement, the substrate should be transparent to x

In contrast, microscopic atomic structures giving rise torays, so that AsS; films deposited upon Al foils and mica
the anisotropy are largely speculative. Quenched-in strainglates were employed. X-ray diffraction patterns were moni-
which may be generated by illumination, seem to be lessored at room temperature using a Rigaku RU-300 system
probable?® Alternatively, we may assume a variety of atomic operating with a Cu rotating target at 50 kV and 250 mA and
orientations of different length scales such as directionah scintillation counter equipped with a graphite monochro-
changes in lone-pair electron orbitdts:*3covalent bond$®>  mator. An annealed AS; sample was mounted on a goni-
dangling bond$®2?° and molecular unit$!? In a model, ometer, and exposed to light illuminatiém situ, which was
which may be termed as the crystalline model, structurahecessary to detect subtle modifications induced by illumina-
elements similar to, but not necessarily the same with, théion. Light emitted from a 250 W ultrahigh-pressure Hg lamp
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line) and 2.3 eMdashed lingexcitation as a function aflt, where
20 (deg.) « is the absorption coefficient, the incident light intensity, and
the exposure timel is changed at 3[J), 50 (X), and 1000(H)
FIG. 1. An x-ray diffraction pattern of an annealed,8g film wier? fgr 2.0 eV light and 2 mW/crh(O) and 1 W/cnf (@) for
(a), and the differencef,— |, measured in the transmissién and 2.3 €V light.
the reflection(c) arrangementl, andl, are defined as the x-ray
intensities diffracted from a sample which has been illuminated=17°, i.e., the wave number ef1 A%, and the second halo
with x- andy-polarized light.(a) and(b) are obtained by averaging peak at ~32°, which are consistent with the previous
and smoothing a few data. resultst32°
Figures 1b) and Xc) show the differences,—1, for the
Hlansmission and the reflection arrangement, wheendl
are the diffracted x-ray intensity after illumination with
and y-polarized light. Since the photoinduced structural
modification was assumed to be subtle, x-ray measurements
have been repeated for several samples. Actually, the inten-
sity difference was noisy, and the difference appeared to be
only the order of 10° of the diffracted intensity. Hence,
ome data were averaged and smoothed. As shown in the
gures, the intensity differences appear to be still noisy,

was passed through a polarization sheet, and it was incide
normally upon the film surface. The polarization was varied
at x (horizonta) andy (vertica) directions. The exposure
time was~1 h, which was fixed by taking the time depen-
dence of the optical birefringence into account.

The birefringenceé\n was measured using a transmission-
type ellipsometet® Probe light was provided from a He-Ne
laser, the photon energy and the intensity being 2.0 eV an

~1 mW/r‘]:”?' In this hlnstrum”ent, Ithe_ pgasl_e hdlfference_ bed'while two reproducible features can be pointed out; for the
tween the two orthogonally-polarized light transmitted yancmission arrangemeftt) 1,—1,>0 at %=12°—22°, ex-
through a sample could be measured. The result was usedé

e . O %pt at ~19°, and for the reflection arrangemeft)
calculate the birefringence, after taking muItlpIe-mterferencq —1,~0 for all the angles investigated. Quantitatively, the
y N H

. . . . . X
effects into accourft! The birefringence was induced with gittetnce observed itb) has been smaller by about an order
monochromatic light emitted from I—_|e-Ne_Iase_rs, LIIFrah'gh'of magnitude than that induced with the reversible photo-
pressure Hg lamps, and a Xe lamp, in conjunction with some, ,stural chang&®? which may be consistent with the

optical filters. The light intensity ranged over T0-10°  \ofactive-index changes+0.03 for the reversible change

W/cn?. A sample was mounted in an optical cryostat, andand~0.002=—n(||)+n(l)] for the photoinduced birefrin-

the temperature was varied at 80—430 K. For simplicity, light ence(described below The response appearing atL9°
excitation and birefringence measurements were made at the . i (b) and (c) may be due to a trace of the reversible
same temperatures, while it was confirmed previously th%hange

the temperature dependence did not change if probing.was The noisy signal shown itb) makes quantitative evalua-
made at temperatures equal to or lower than that of lighti, gitficult. However, the position and the width of the
excitation.” Annealing characteristics of the photomducedx_ray change seem to imply that some structural changes
birefringence was also investigated, in which iIIuminatedWith a periodicity of~0.5 nm and an extension of1 nm

samples were annealed in an Ar atmosphere for 0.5 h. are induced with illumination of linearly-polarized ligft.

Ill. RESULTS B. Birefringence

Figure 2 shows the photoinduced birefringenta in
As,S; as a function ofxIt, which approximates the absorbed

Figure 1 shows typical x-ray results for 4. Figure  photon dose, for 2.0 and 2.3 eV excitation. Hetieis the
1(a) is a diffraction pattern of an annealed film. The result isabsorption coefficient, the incident light intensity, antthe
obtained for the transmission arrangement, while similar proexposure time. We see thAn=—0.0022" which is compa-
files have been recorded for the reflection arrangement. Wiable to the previous result obtained using a wave-guiding
see the so-called first sharp diffraction pe®SDP at 20  measuremertt.In detail, 2.0 eV excitation gives a smaller

A. X-ray diffraction
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photon energy(eV) FIG. 4. The photoinduced birefringenda in As,S; as a func-
tion of temperature for 2.00) and 2.3(®) eV excitations. Light
FIG. 3. The photoinduced birefringenden in As,S; at room  excitation and birefringence measurements are made at the same
temperature as a function of excitation photon energy. Also showemperatures. For the dashed line with the triangle symidoisthe
by a dotted line is the photoinduced dichroigéiime difference of the  horizontal scale indicates the annealing temperature, and illumina-
absorption-edge sh)ftAE (Ref. 10, which is read by the right- tion and probe are made at room temperature. Also plotted by a
hand-side scale. The Tauc optical bandgap engigis indicated. ~ dotted line is the photoinduced dichroiskie, which is read by the
right-hand-side scal€Ref. 10.
birefringence than that induced by 2.3 eV excitation. In ad-

dition, we see that the reciprocity law between the light in-the birefringence disappears, with annealing at 450 K, which
tensity and the exposure time is satisfied; for instance, for 2.§ just below the glass-transition temperatiirit. is often
eV illumination, the light intensity is varied at three-orders stated that the induced anisotropy can be erased with anneal-
of magnitude, whileAn seems to be governed only by the jng at temperatures substantially lower than the glass-
absorbed photon density. We may conclude that the photGransition temperaturé®'%® The present result demon-
induced birefringence manifests no light-intensity depenstrates, however, that, although thermal recovery starts at just
dence, which is consistent with the observations obtained fofhove the illumination temperature, complete erasure of the
the photoinduced dichroist. anisotropy requires an annealing at just below the glass-
Figure 3 shows the photoinduced birefringence inRs  transition temperature, at least, in ,85.2% Also in Se, the
as a function of excitation photon energy. Here, "|Umi”ati0”birefringence can be induced at room temperatsee, Fig.
is continued until saturatiofil h—1 day at room tempera- 5 which is just below the glass-transition temperature for
ture. We see that An is maximal at 2.3 eV, and it decreases gg3
at lower and higher energies. This photon-energy depen- Figyre 5 shows the temperature dependence of the photo-
dence is also consistent with that of the photoinduced dichromguced birefringence in three chalcogenide glasses. The bi-
ism AE, which shows a decrease at 2.4—-2.6 eV with anyefringence is induced with bandgap illumination, i.e., 2.0 eV
increase in the photon energy® Here, AE is defined as  for Se and AsSe;, and 2.3 eV for AsS,. We see that all the
E(N—E(L), 7\1VE109F9 E denotes the photon energy at materials exhibit qualitatively similar temperature depen-
0_125><_103 cm -~ and accordinghyA E>0 means the nega- dences, in which the most remarkable feature may be the fact
tive dichroism,Aa<0. Note that the Tauc optical bandgap that the maximal birefringende\n| increases with the order
Eg in As,S; is ~2.32 eV; and accordingly we may assume of As,Se;, As,S;, and Se. This material dependence is com-
that the photoinduced anisotropy is maximal for bandgagetely different from that in the reversible photodarkening,

illumination of iw=Eg. This photon-energy dependence isy which As,S, exhibits the greatest change among these
in contrast to that of the photodarkening, which is nearlyihree materialé.

constant for light withiw=E in As,S;.?

Interestingly, however, the spectral dependence changes
with the temperature at which the sample is illuminated. Fig- §—r——
ure 4 shows the photoinduced birefringence in,&sas a (><10_3) -
function of temperature for excitation of 2.0 and 2.3 eV. We 6
see that—An induced with 2.3 eV is maximal at 300 K,
while for 2.0 eV it is maximal at 380 K, the latter being
consistent with the previous restftWe also note that the ar
temperature dependence of 2.3 eV is very similar to that of
the photoinduced dichroism induced by 2.4 eV
illumination 1° This temperature dependence is distinctly dif-
ferent from that of the reversible photodarkenirid,which
only decreases with an increase in temperature without 0—g60 200 300 400
showing no peaks. We can argue therefore, that thermal en- temperature(K)
ergy is indispensable for the photoinduced anisotropy.

The annealing-temperature dependence of the birefrin- FIG. 5. The photoinduced birefringende induced by bandgap
gence, which is induced at 300 K by 2.3 eV excitation, isillumination in Se(O), As,S; (®) and AsSe; (X) as a function of
also shown in Fig. 4 by a dashed line. As shown in Fig. 4the temperature at which excitation and probe are performed.

-An
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TABLE I. Maximal photoinduced birefringencean=n(ll)
y —n(Ll) in glasses and the natural birefrigendes,=n(s) —n(l) in
z the corresponding crystalline materials. The photoinduced birefrin-
y ‘ﬁk gence is evaluated from Fig. 5. The natural birefringence is evalu-
L ated as follows: For Sep(s)=2.8 andn(l)=3.6, which are the
“/ lx ) excitation refractive indices perpendicular and parallel to the chain axis in the
hexagonal formRef. 43. For AsS;, the details are described in
probe (a) the text. For AgSe;, which is polymorphous to AS;, no experi-
mental result seem to exist, and accordingly the birefringence is

y estimated from a theoretical result for the dielectric constief.

+ 44).

i — : :

N _ X Material Photoinduced Natural

27 Se ~0.007 ~0.8

: As,S; —0.002 -0.5

As,Se —0.0008 -0.3
(b) (c) (d)

FIG. 6. Schematic illustrations of transversal illuminati@,
and an oriented layer cluster which may be produced with illumi-
nation of light linearly polarized along the (b), y (c) and thex
direction (d). Only one oriented cluster is illustrated for simplicity.

the y axis, the structure which can give rise to substantial
birefringence(An,>0). In contrast, the circularly polarized
(or unpolarized light produces the structure in which the
layer normal distributes between thendz directionsFigs.
6(c) and &d)]. In this case, the crystalline clusters with the
layer normal aligning toward the direction[Fig. 6(d)] can-

In the beginning, it seems to be valuable to summarize theot contribute to the birefringencéAn,=0), while the
previous study? which gives motivation for the present y-directed clusterdFig. 6(c)] can provide some birefrin-
work. In the study, the photoinduced birefringence in®s gence(An,>0). Therefore, the fact thakn,>An, can be
was examined under transversal excitafisee, Fig. 68)], in understood straightforwardly. Note that chalcogenide glasses
which a probe beam is propagated along zhdirection and  exhibit photocrystallization phenomefaand the process
it measures the birefringencden defined asi(x) —n(y). On  may be similar to the present reaction.
the other hand, excitation light is propagated along xhe The x-ray result shown in Fig. 1 is consistent with the
direction with the polarization being varied in tlgez plane.  crystalline model. In the experiment, excitation light polar-
Then, it has been found than, ,~An,/2, whereAn,,isthe  ized along thex andy directions can give rise to the struc-
birefringence induced with circularly polarizédr unpolar-  tures illustrated in Figs.(®) and &c), respectively. Then, the
ized light andAn, is the birefringence induced with linearly x-ray intensity at around the FSDP position will unchange,
polarized light along thg axis. I,—1,=0, for the reflection arrangement, but it will be

This result appears to be inconsistent with an idea prek,—1,>0 for the transmission arrangement, since the layer
dicted from the Fritzsche’s mod¥i According to the model,  structure illustrated in Fig.(®) can give rise to a Bragg peak
we may expect that, upon the sideward excitation using cirat around the FSDP position for the transmission arrange-
cularly polarized(or unpolarized light, microstructures hav- ment. This prediction is in agreement with the experimental
ing the dielectric tensors lying in the z plane will be trans-  result.
ferred to the x-oriented structures. In contrast, the The composition dependence of the photoinduced bire-
y-polarized excitation will induce transformations from the fringence also supports the crystalline model. Table | com-
to thex andz orientations. Accordingly, the proposed model pares the maximal photoinduced birefringence, which is
may predictAn,,>An,, which is in disagreement with the evaluated from Fig. 5, and the natural birefringence of the
observations. corresponding crystals. Here, following the above argument,

However, we can reconcile the Fritzsche’'s model with thewe take the sign of the natural birefringence to be negative.
experimental result, taking a crystaline model intoWe see that the photoinduced and the natural birefringence
account® We here note that the chalcogenide crystals ofcorrelate in magnitude; Se exhibiting the greatest photoin-
interest possess low-dimensional structures. For instancduced birefringence, AS; the next, and AsSe; the smallest,
crystalline AsS; has a layer-type structure with the in-plane the order being the same with that in the natural birefrin-
refractive indices of~3.0 and the out-of-plane index of gence. The photoinduced birefringence is roughly 1/100 of
2.529390n the other hand, Fritzsche has proposed that lighthe crystalline value, the fraction which may reflect disor-
illumination excites preferentially some elements havingdered amorphous structures. It seems difficult to explain this
higher refractive indicegdielectric tensors and accordingly close correspondence between the photoinduced and the
after illumination the refractive index along the electric field crystalline birefringence using other models which assume
of light becomes smalléf. Therefore, if we may assume that structural modifications in smaller atomic scales.
remnants of crystalline clusters are contained in amorphous The temperature dependence shown in Fig. 4 is also con-
networks and/or these are generated with illuminationsistent with the crystalline model. Here, we may assume, in a
y-polarized illumination can produce the structure such asimilar way to the conventional model describing crystal
shown in Fig. 6c). That is, the layer planes will be normal to growths from melts} that illumination yields oriented crys-

IV. DISCUSSION
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talline nuclei, which need thermal energy to grow. In thecrystal'?> However, in the present model, we can envisage

growth process, the glass-transition temperature may act likeeterogeneous structures in which photoinduced quasicrys-
the melting temperature for the quasicrystals. Then, théalline clusters are embedded in amorphous networks. In
photoinduced anisotropy can appear most efficiently at somsuch structures, the polarized photoluminescence would ap-
temperature below the glass-transition temperature, which igear, since the quasicrystalline cluster could act as lumines-
consistent with the observations. cence centers.

However, some problems remain unresolved. For in- However, it is ambiguous at present whether the crystal-
stance, why the photoinduced birefringence is maximal foline structure is natively contained in the amorphous struc-
bandgap illumination at room temperatyFég. 3) is not nec-  ture and illumination is just responsible for the orientational
essarily clear at present. The fact thaf\n is smaller for  change, or alternatively the original amorphous structure is
light with Zw<Ey may simply be due to the lack of excita- completely random and illumination produces an anisotropic
tion energy. Some excitations may occur, while these arstructures. This problem seems to be closely related with the
overcome with isotropic thermal relaxation. nature of the FSDP, which is still a matter of

A problem is whyAn decreases with an increasefim at  controversy*>>* If the so-called quasicrystalline structure
fiw>E,. Here, the decrease can be related to the thermalizanodel originally proposed for AS; by Vaipolin and
tion process of photoexcited carriéfdlt is known that pho-  Porai-Koshité® is pertinent, the layer-orientation model may
toexcited carriers thermally diffuse before recombination sdbe more plausible. However, if the original structure is a
that geminate recombination is suppressed. Quantitativelyhree-dimensional random network, the crystalline-growth
the thermalization length in Se at room temperature rangesiodel may be more appropriate.
from 1 nm for 2.0 eV excitatiotiw=E) to 5 nm for 2.8 It seems valuable to compare the present model with
eV. For AsS; quantitative results have not been known,those proposed for the photoinduced anisotropy phenomena
while a similar situation can be assum&dhen, if the ther- observed in other materials. We know at present that the
malization extends too widely, recombination cannot give arphotoinduced anisotropy is observed in many materials such
energy efficiently to the site where the carriers are photoexas halide crystals including photographic materfaf¥, ho-
cited. Alternatively, if the thermalization length is1 nm, mogeneous and inhomogeneous oxide gla¥sé8and or-
geminate recombination may occur, which can give the enganic material§>*>The mechanisms seem to consist of elec-
ergy efficiently to the excited atoms. Such a process may b&onic and structural processes, the latter ranging between
responsible for growth of crystalline clusters with the aid ofdefect generation in relatively rigid materizis® and mo-
thermal energy. That is, energy localization seems to béecular orientation in flexible organic materidfsin these
needed for the structural change. The energy localization islassifications, the present crystalline model can be under-
responsible also for the photodarkening proc€swhile it  stood as a kind of intermolecular-orientation models.
appears more prominently in the photoinduced anisotropy.

Following the above idea, we can conjecture a reason why V. CONCLUSIONS
2.0 eV light can provide a maximal birefringence at 400 K
(Fig. 4). The fact can be ascribed to the temperature depen-
dence ofEy, which decreases with increasing temperature
For instance, in AsS;, E;~2.0 eV at 400 K and accord-
ingly the idea described above may apply.

The crystalline model can provide a plausible explanatio

for the observations of the response times. It is known that; iers. Having obtained a model of the photoinduced anisot-
the anisotropy after some illumination cycles increases more 9 P

promptly than that induced in as-annealed gla%&¥n the ~ 'oPY: the next study will be made upon the dynamics of the

present model, photoinduced crystalline clusters can be agructural transformation.
sumed to be more compact than original amorphous struc-
tures, since in general the crystalline state is more dense than
the amorphous. If this is the case, the crystalline cluster may The authors would like to thank V. K. Tikhomirov, H.
be able to rotate more easily, giving rise to a faster responsélisakuni, and M. Notani for their experimental assistances.

Murayama has asserted that the crystalline model is inapFhe present work was financially supported by grants from
propriate to understand the photoinduced anisotropy, with Ministry of Education, Suhara Memorial Foundation, Casio
reasoning that the polarized photoluminescence is observegtience Foundation, Showa Electric Wire and Cable Co.
in As,S; glass in contrast to the negative result in theltd., and Hitachi Microcomputer Engineering Ltd.

The mechanism of the photoinduced anisotropy widely
observed in chalcogenide glasses has been studied through
structural and optical investigations. These investigations
suggest that the crystalline model is more appropriate to un-
derstand the overall features. The structural anisotropy seems
o be induced most effectively by localized photoexcited car-
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