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Chalcogenide glasses such as As,S; and AgASS, are known to exhibit photoinduced
isotropic and anisotropic deformations. In As,S;, which is assumed to have segmental layer
structures, the deformations are produced by interlayer-type expansive force and
photoinduced fluidity. The anisotropic deformation upon illuminaion of linearly-polarized
light arises from layer alignment. In AgAsS,, photoinduced Ag* ion migration is responsible,
which is affected by light scattering and optica interference in the anisotropic pattern
formation.
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1. Introduction

This year, 2005, we are cdebrating the centennial anniversary of modern physics. As is
wel-known, in 1905, Einstein proposed the concept of “photon”, which triggered a new scientific
paradigm of quantum mechanics.

Since that era, the solid state science has made a remarkable progress, in which one of the
most extensivdy-studied materias is an ionic crystal. The material such as NaCl can easly be
obtained as transparent single crystals so that fundamenta studies on col or-centers and so forth have
attracted considerable interest. On the other hand, from application points-of-view, photographic
reaction in Ag-halides posed a big problem, which should be understood for producing high-
sensitive films. Results on these pioneering studies are described in the famous book by Matt and
Gurney [1]. We aso know that col or-center formation and the photographic reaction can be affected
by the direction of dectric fid ds of excitation light [2-5].

Table 1. Comparison of photoinduced phenomenain ionic crystals and chal cogenide glasses.

Materia Photo-€l ectro-atomic Photo-d ectro-ionic

lonic crysta Color-center formation in alkali Photographic reaction in Ag
halide halide (Weigert effect)

Chal cogenide glass Photoinduced phenomena in Ag-ion migration in
A$S(Se) Ag-AS(Ge)-S
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It may be a surprise, as listed in Table 1, that resembling situations and probably more
prominent phenomena can be pointed out for cha cogenide glasses [6,7]. In covalent compositions
such as As,S;, we know photoinduced optica and volume changes, which may be similar in some
points to radiation-induced color-center formation in dkali halides. In Ag-chd cogenides such as
AQASS,, photoinduced Ag-migration phenomena appear, which can be regarded as kinds of
photographic processes [8]. Note that these changes can be scalar and vectoral, or isotropic and
anisotropic, with respect to the dectric field of excitation light. It should also be emphasized that
some of these changes appear as big deformations, which may be noticed even by naked eyes.

Why can photons, which are mass-less quanta, produce such macroscopic deformations in
these glasses? This work provides a brief review on the present understanding of the photoinduced
deformation, with some new data and speculations. As typical examples, we will mostly focus upon
As,S; and AgASS; glasses, including annealed films, the Tauc gaps being known as 2.4 and 2.1 eV
[8]. It is mentioned here that as-evaporated films may show similar phenomena, but probably
through different mechanisms[7,9-12].

2. Covalent glass As,S3
2.1. Historical

Situations in As,S; appear to be complicated, probably due to extensive studies. The early
studies of interest here, however, can be grouped into two historical flows, which may be regarded
as nearly independent with each other until 1997.

One research flow is on the photoinduced volume change, which has been discovered by
Hamanaka et al. [13]. For instance, when As,S; is exposed to bandgap illumination (kw> 2.4 eV) at
room temperature, it undergoes a volume expansion of 0.4 %, the actual height being ~10 nm dueto
limited penetration depths of bandgap light [13]. Later, Hisakuni and Tanaka have found that the
expansion can seemingly be enhanced to ~5 % by using sub-bandgap illumination of ~2.0 eV [14].
The enhancement factor of ten times may justify regarding this phenomenon as “giant”. The actua
expansion amounts to ~2 um [14], which is substantialy greater than light waved ength, so that it can
be employed for fabricating spherica and aspherica micro-lenses [15-17] and relief-type gratings
[18]. Phenomenologically, the giant photoexpanson can be understood [19] with a volumetric
photo-excitation effect arising from longer penetration depths of sub-gap light combined with
photoinduced fluidity [20-24]. Neverthdess, it should be underlined that an intrinsic expansion at
room temperature is ~0.4 %, being irrespective of the photon energy of exditation.

Volume change Anisotropic deformation Optical anisotropy
1976 Hamanaka ¢ a. [13] 1997 Krecmer et al. [40] 1977 Zhdanov-Mdinovsky [29]
1994 Hisakuni-Tanaka [14] 1993 Fritzsche’'s modd [32]

2000 Sdiminiaet d. [42]

Fig. 1. Historical flowsin relation to photoinduced deformationsin covalent
chal cogeni de glasses such asAs;Ss.

Microscopic mechanism of the volume expansion remains to be controversial. Tanaka
assumes that photoinduced disorder enhancement in amorphous networks combined with the
photoinduced flui dity causes the photoexpansion [19,25]. This idea may resembl e the Shottky-defect



Photoi nduced deformationsin chal cogenide glasses: scalar and vectoral 2573

formation in alkali-halide crystals [1-3]. Another idea is the Coulomb repulsive moded proposed by
Shimakawa et al. [26,27], which has been criticized from some respects [25,28]. Both the models are
largdy qualitative.

The other important research flow is on photoinduced anisotropy (Fig. 1), which is believed
to be discovered by Zhdanov and Madinovshii [29,30,31]. The anisotropy had been opticd, i.e
dichroism and birefringence, which were negative in covaent chalcogenide glasses. For instance,
the photoinduced birefringence An (= n(//)-n(0), where n(//) and n(0J) indicate the refractive indices
paralld and perpendicular to the dectric field of excitation light) in As,S; exposed to linearly-
polarized bandgap light at room temperature is -0.002 [30], which corresponds to ~0.1 % of the
refractive index of ~2.6.

This negative anisotropy has been interpreted by Fritzsche [30,32,33]. He assumes that, in a
disordered network, some anisotropic e ements which align nearly in pardléd to the dectric fied of
linearly-polarized light are sdectively photoexcited, and then, the dement may reax to other
directions. Accordingly, the polarization paralle to the eectric field will decrease, which appears as
the negative optical anisotropy. This concept can explain severa features of the photoinduced
anisotropy such as temperature dependence [30]. However, a real entity of anisotropic dements
remains to be controversia, the candidate ranging from eectron clouds (~0.2 nm) to segmental
layers (~2 nm) [30,34]. | believe that the alignment of segmental layers, or chainsin Se, is the most
probable since the modd is consistent with detailed x-ray results [35,36], a close corrdation
beatween the photoinduced anisotropy and the crysta line anisotropy [35], and photoinduced oriented
crysadlization in amorphous Se [37-39]. Since the opticd anisotropy was relativey small, we had
assumed that no anisotropi ¢ deformation could be detected.

Neverthdess, Krecmer et d. [40,41] and Saliminia et d. [42] have discovered two kinds of
anisotropic deformation (Fig. 1). Krecmers discovery was made for smal bilayer samples
consisting of AsspSeso films and SisN,4 cantilevers. Bending of the bilayer sample can be controlled
by changing relative directions of the eectric fid d of linearly-polarized light to a cantilever axis. On
the other hand, Saliminia et al. have found that an anisotropic pattern (see the right profile in
Fig. 2), which reflects the direction of éectric fieds, emerges in As,S; films upon exposure to
focused linearl y-polarized light [42]. The group reports successive studies [43].

2.2. Deformation and birefringence

Saliminias' discovery appears to be simpler, and accordingly, we hereafter focus on this
phenomenon. Then, to understand mechanisms of the polarized-light induced anisotropic
deformation, we must know the relations, as indicated by the two arrows in Fig. 1, between it and
both the i sotropic expansion and the optical anisotropy.

Fig. 2 compares dependences of the surface deformation and the birefringence on exposure
time. The sample is a 2 um-thick annealed As,S; film, which is exposed to focused linearly-
polarized He-Ne laser light (2.0 eV) with intensity of 2 mW and spot diameter of ~10 um. The
surface deformation is evaluated using an atomic force microscope as a net volume change of the
film from theinitial flat surface. The birefringence in the illuminated region is measured using weak
He-Nelaser light asin the previous study [35].

We see two interesting features. First, the expansion isinitially isotropic (< 10 min), then the
center being gradually depressed, and it grows to an anisotropic deformation [44], which is similar
to that reported by Sdiminia et a. [42]. A cross-sectional view of the anisotropic pattern is
M-shaped, consisting of a centra hollow and double-side hillocks, along the eectric fiedd of
excitation light. Second, surprisingly, the negative birefringence appears with a similar time scale
(~5 min) to that of the isotropic expansion, the both being much faster than a growth (~100 min) of
the ani sotropic def ormation.
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Fig. 2. Exposure-time dependence of volume change (solid circles with a salid line and the

left-hand side axis) and birefringence (open circles with adashed line and the right-hand side

axis) in an As,S; film. The figure includes two AFM profiles, the side lengths being 20 pm,

which show an isotropic expansion a 1 min (left) and an anisotropic deformation at 60 min
(right), in which the electric field of excitation light is horizontal .

2.3. M echanism

It seems that both the isotropic and the anisotropic deformation can be understood in a
coherent way with interlayer expansion (Fig. 3) and induced fluidity (Fig. 4) under illumination. In
the isotropic volume expansion, asillustrated in Fig. 3, it is plausible that the interlayer disordering
gives a motive force [19,25]. In the anisotropic deformation, we assume that the interlayer
disordering of aligned segmental layers also gives the motive force That is, when a segment is going
to align through atomic twisting and so forth, an extra interlayer space will be needed, which
produces a kind of interlayer van-der-Waals type expansive force. This atomic force combined the
photoinduced fluidity can provide the macroscopic deformation. That is, in this model, the motive
forces are assumed to be essentially the same in the isotropic and the anisotropic deformation, and
the photo-induced fluidity is commonly responsible for the both. A difference is that the segmental
layer may be crumpled in the isotropic and it is aligned in the anisotropic. On the other hand, the
birefringence can be ascribed to segmental alignment in atomic scales [30,35], which may not
necessarily be followed by structura rel axation through the fluidity.

W\Q\Q N\/\N\, »\M\:}Q

(a)

Fig. 3. An atomic mechanism of expansion illustrated for Se for simplicity [25]. (8) A photon

excites a pair of electron and hole. (b) When relaxing, the carriers produce a bond-twisted

structure, which causes inter-layer (chain) stress. (c) Thestressis relaxed with inter-layer
relaxation, which produces expansive stress.
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Fig. 4. An atomic mechanism of fluidity in As,S;. (8) A photon excites a pair of electron and

hole. (b") Under the excited state, the interlayer interaction is weskened and the segments

can easily flow. Otherwise, (b) the carrier produces a defect, which may relax to (c) abond
interchanged structure, and then the separated clusters can flow.

In this modd, the different time scales shown in Fig. 2 can be interpreted as manifestations
of the different fluidity scales. As is known, the fluidity is defined as the inverse of viscosity n,
which relates shear stress ¢ and fluid velocity u (= dU/dt) as 6, =ndu/dx, where the fluid is
presumed to flow in the z direction with a velocity gradient in the x direction. In the isotropic
volume expansion, as illustrated in Fig. 5(a), we can take the z direction to be perpendicular to the
film surface, and the x scale is governed by the light-spot size In the M-shaped deformation, Fig.
5(b), the z axis is pardld to the light polarization direction, and the x scde is the film thickness.
Then, approximating the differential quantities with typica integrated values, we rewrite the
equation as o = nU/(tX), where U is the resultant deformation, t a response time of the viscous fl ow,
and X the gradient scale. In a typical result for the volume expansion shown in Fig. 2, U/X =
0.01unmV5um =~ 0.002 ande~ 300 s, and accordingly, n/e ~ 10° s. For the M-shaped deformation, U/X
~ 0.05pum/2um = 0.02, in which a material expansion U has been estimated from the hillock volume,
andr~ 6000 s, which give n/o ~ 10° s. Surprisingly, n/¢ in the volume expansion and the M-shaped
deformation are in similar magnitudes. Since n is assumed to be determined by the photoi nduced
fluidity, which is common to the both, we may take a typical valug, n= 10" P = 10" Pas a light
intensity of 10° W/cm?® [20,21]. Then, the photoinduced stress can be estimated at
o = 10° N/m? = 10™ N/nm?.

polarization
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Fig. 5. Cross-sectional views of (@) the giant photoexpansion (left) and (b) the photoinduced
anisotropic deformation (right). AnAs,S; film on glass substrate is exposed to linearly-
polarized light, which has the eectric field, in (b), in pardle tothez axis.
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This quantity appears to be comparable to interlayer atomic force. For instance, a theoretical
calculation for crystalline As,Se; by Tarnow et d. [45] suggests that interlayer sliding along the c-
axis, which is the easiest sliding direction, by 0.2 nm needs ~10 meV/atom, which provides ~10™"2
N/atom. On the other hand, in a hypothetical atomic plane of 1 nm?in As,S(Se); glass, it is plausible
that only one interlayer bond, which may be as short as the crystalline value, is determinative for
layer sliding. Accordingly, we can obtain 10°* N/nm?.

Such strain could arise from interlayer interaction. The photoinduced bond-twi sting motion,
shown in Fig. 3 [22,25,46], can cause the interaction. Otherwise, interchange of cova ent bonds (Fig.
4), which is suggested as a mechanism for the photoinduced fluidity [21,33,47,48], may aso
produce the expansive force. In short, the motive force arising from interlayer strain and the
interchange beween covalent and van-der-Waals type bonds seem to be responsible for these
isotropic and the anisotropic deformation.

3. Ion-conducting glass AgAsS,

Ag-As-S has atracted substantia interest from two points. Initially, Borisovas group
studied its remarkable ionic conduction [6], and later, some researchers discovered photoinduced
phenomena such as photodoping and photo-surface deposition [7,8,49,50]. These photoinduced
phenomena can produce some surface patterns which are made from crystaline Ag. We here will
focus upon the deformation emerging in amorphous structures.

Such photoinduced deformations in Ag-As-S can be divided into isotropic and anisotropic
(Fig. 6) [51-54]. These deformati ons are the most prominent in AgASS,, which gppears to be a stable
composition in the Ag-As-S glass system. In contrast, Cu-As-S films do not show any deformation
a al [51], which implies that the Ag ionic conduction plays an important role in the pattern
formation. Asis known, in dectronic properties, the Cu films are similar to the Ag films [55], while
the Cu system does not possess marked ionic conduction. Note that nano-scale modifications
produced by a scanni ng tunneling microscope are also contrastive in these materials [55,56]. On the
othe hand, Na-Ge-S glasses, which can be regarded as an ionic (but, not ion-conducting)
cha cogenide glass, aso show different behaviors from those in Ag(Cu)-As-S[57].

Cpnnd

Fig. 6. Photoinduced deformations in AgASS, films (~1 pm thick) induced with illumination

of linearly-polarized He-Ne laser light. In the left-hand side deformation (&), the diameter of

light spot is~2 um, and in the right-hand side, it is ~50 um, which isindicated by the scale
bar. In (b), the dectric field is vertical .

The isotropic expansion appears when AgASS, films are exposed to small light spots of a
few micrometers in diameter [53]. In more detail, we see in Fig. 6(a) that the expansion is
surrounded by a small depression. A typical exposure condition is to use light with wavdength of
633 nm (2.0 V), which can be regarded as bandgap light, intensity of 6 kW/cm?, and exposure time
of 2 min. The expansion accompanies an Ag accumulation of ~5 at.%. Similar volume expansions
appear when the filmis exposed to unpolarized light and when AgASS; bulk glasses are exposed. Or,
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more prominent expansions appear upon exposure of dectron beams [58]. These deformations can
be erased with anneding treatments at 420 K, which is the glass-transition temperature of AgAsS,
[6].

The deformation mechanism can be ascribed to photo-chemical modification [8,59,60].
When the glassisilluminated, dectrons and holes are photo-excited, in which only holes can diffuse
in these glasses. Accordingly, the illuminated region negatively charges [61], which attracts positive
Ag ions. The accumulated ions give rise to the volume expans on, which seems to be quantitatively
consistent with the observations [53]. The peripheral depression corresponds probably to Ag
depletion. Since the light spot is small, pattern effects described below can hardly work.

The anisotropic deformation appears when an AgASsS,; film is exposed to linearly-polarized
He-Nelaser light focused to a spot of ~50 um in diameter [51,52,54]. The deformation shownin Fig.
6(b), which has been produced by an exposure of 300 W/cm? and 3 h, consists of two kinds of
corrugations; one being small fringes in the illuminated spot which align in parald to the eectric
fidd of light, and the other being cat-whisker like radiating patterns which are mostly perpendicular
to the dectric fidd. The fringe in the light spot diffracts transmitted light to the direction
perpendicular to the fringe direction. The fringe adso accompanies a positive birefringence
An (= n(//)-n(0J)) of ~0.01 [52]. Note tha the refractive index of the film is ~3.0, so that the
fractional birefringence is ~0.3 %, which is more-or-less remarkable. It has been found by using an
dectron-probe micro-anayzer that the fringe accompanies an Ag-composition modulation of
~5 at.%.

The deformation can be ascribed to the photo-chemica modification which occurs under
unigue light-intensity patterns (see, Fig. 7) [51,52,54]. We here take Mie scattering into account,
which may result from dusts on the film surface, structural inhomogenety, and so forth. As it is
known, the scattering is more intense in the direction perpendicular to the ectric fidd of light. And,
the scattered light is likdy to be converted to guided modes, which propagate in the film, due to the
high refractive-index of the film. Then, the guided light interferes with the incident light in the light
spot, and produces interference fringes. The small fringe in the light spot is assumed to be a
manifestation of this fringe-induced photo-chemical modification. The fringe will work aso as a
grating coupler, which further intensifies the guided light. The positive birefringence can be
understood to arise from this fringe structure, in which the Ag-content modulation causes the so-
called form birefringence. On the other hand, the guided light may propagate toward the outside of
the light spat by ~10 um, which corresponds to the penetration depth of 2.0 eV light in this materia
[8]. Such light streeks may produce the cat-whisker pattern through the photo-chemica
modifi cation.

Fig. 7. A modd for the anisotropic pattern formation (cross section) in an AgAsS, film

exposed to linearly-polarized light spot with diameter of ~50 pm [54]. The electric field is

assumed to be perpendicular to this cross-sectiona view. Dashed lines with arrows represent

propagation paths of incident and guided light, fringes show the interference pattern, and the
two solid arrows indicate macroscopic material flow.
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4. Summary

A brief review is given, with some new data and speculations, on the photoinduced
deformation in cha cogenide glasses. We have seen that the phenomenon shows a great variety,
which changes with exposure duration and light-spot size.

The deformation can be isotropic and anisotropic. The both types appear with the exposure
duration in a covalent composition, As,S;, and with the light-spot size in an ion-conducting glass,
AgASS;. Mative forces for the deformations are assumed to be interlayer (van-der-Waals) type in
As;Szand ionic in AgASS,.

In some sense, these mechanisms are reminiscent to those of the known phenomenainionic
crystals, i.e., Shottky-type color-center formation in akali-halides and photographic reaction in Ag-
halides. New aspects here are that these glasses are kinds of semiconductors, which can be excited
by visible light, and photoinduced processes occur totally in amorphous structures, which may
provide strong €ectron-lattice interaction. We can just take a leaf out of a wise man's book; in
Japanese, Onko-chishin.

Finally, it should be mentioned that, experimentally, the recent progress in deformation
studiesis largely owe to atomic force microscopy.
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