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PHOTO-INDUCED PLASTICITY IN AMORPHOUS CHALCOGENIDES:
AN OVERVIEW OF MECHANISMS AND APPLICATIONS

M. L. Trunov’

Uzhgorod Nationa University, 13, Kapitulna str., Uzhgorod 88000, Ukraine

The athermal increase in the plasticity of glasses has been achieved under the combined
action of external stress and illumination. A review has been given on this subject including
the change in the plasticity behavior with the sample composition of As,Se;. thin films. We
suggest that the presence of stress-free phase (close to the mean-field rigidity percolation
transition) is the main condition for the giant photo-softening effect observed in thin films of
chalcogenide glasses. It is confirmed that the most pronounced negative photo-plastic effect
(giant photo-softening) is observed in Asy,Ses, films while change in photo-induced optica
constants is the lowest. The results will be discussed within the frame of recent structural
modds of chalcogenide glasses. Possible applications of the effect of nanoscale photo-
induced plasticity of chacogenide glasses for improvement of the technology of
chalcogenide film production and in devices for nanoimprint lithography and opto-
mechanical data storage have been considered.
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1. Introduction

It is wdl known from the years ‘70 of the last century that chalcogenide vitreous
semiconductors — i.e,, sulfides, sdenides, or telurides, exhibit photoinduced phenomena which are
not observed not only in ther crystalline counterparts but in the mgority of crystalline
semiconductors, in general. For example, the interacti on of alaser beam with a variety of amorphous
chal cogenides (ACh) results in photostimulated changes of their optical, mechanicd and chemical
properties. The most pronounced effect is observed under band-gap light irradiation with a photon
energy hv = Eg (where Ey is the Tauc optical gap), though the similar changes under sub-band gap
light dso take place [1]. However, in this paper we consider another type of photo-induced
phenomenain ACh —the light-induced plasticity or photo-plastic effect (PhE), which is aso typical
for crystalline semiconductors. In spite of the fact that the mechanisms of PhE in amorphous and
crysta line semi conductors must be fundamentaly different, the final results of the effect of light are
very close.

The PhE denotes the reversible influence of light on the flow stress and hardness of a materia
and may be of two types — the positive PhE (if materials become stronger under irradiation) or
negative one (if the light-induced softening takes place). Note that for ACh only the second type
(photo-softening) of the effect has been observed so far while both light-induced hardening and
softening were found for crystals. As regards the PhE in crystalline semiconductors it is assumed
that the positive PhE (it dominates in 11-VI group substances) occurs in the materids where charge
carriers generated by irradiation modify the charging of dislocations or charge state of electricaly
active point defect, and the negative PhE (it dominates in I11-V group substances) is explained in
terms of non-radiative recombination at the energy of traps and the resulting local heeting decreases
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the barriers of dislocation movement. Since amorphous semiconductors are a very unusua
disordered structure in which the dislocations are absent and the motion of point defects cannot
occur in the same way as in crystals, quite another mechanism takes responsibility for the PhE in
these materials. Possible mechanisms of the PhE in ACh and some practical applications are the
subjects of this paper.

First of al we have briefly reviewed the history of the discovery of athermal plastic changesin
the structure of materials which are governed by light, and then the synopsis of structural model's has
been given. Some of these modds have been chosen to examine the experiment and finally, some
possible applications of the PhE have been discussed.

The light-induced plasticity of the substances has been studied intensively during the last few
decades. The main tool of PhE investigations is the uniaxial deformation experiment and surface
hardness measurements. Both macroscopic indentation and nanoindentation in bulk and film
samples have been investigated in detail. We have tried to summarize al these investigations in
Table1[2-15].

After first report made by Vonwiller at the beginning of 20th century [2] subsequent
experiments performed by various scientific group show that the PhE exists in a broad variety of
materia s both crystalline and non-crysta line semi conductors, organic polymers (pol ycarbonate) and
evenicesingle crystd (see Table 1). Note, that numerous names were used for the effect detected in
amorphous semi conductors though the essence of the phenomena observed by the investigators was
the same. So, after Deryagin's report [5] about decrease of surface microhardness in film samples
caused by light and Nemilov's observation of light-induced reduction of viscosity in bulk samples
near T4[6] , the negative PhE was found for As-S(Se) films under band-gap light irradiation [7,8].
The macroscopic model of this phenomenon was based on suggestions of the reduction of viscosity
of films to 10™%-10" Poise which is achieved by an athermal way and is comparable to that obtained
above the glass-transition temperature Tg. This suggestion was confirmed | ater by direct experiments
[8].

The following observations of the PhE under a low temperature in the amorphous sdenium
(optical melting [13]), the fluidity [10], one of the facets of the PhE under sub-gap excitation,
discovered for As,S; fibers and flakes, as well as the presence of the PhE temperature hindering
[9,10]) pointed out to the universal nature and unique mechanism of the phenomena observed.
However this mechanism is speculative and not clear so far.

Several models have been proposed to describe ACh plasticity induced by light irradiation:
1. H.Fritzsche's modd [17]. Thismodd has found wide application for ACh and used the Street idea
about non-radiative recombination of photo-excited éectron-hole pairs through an intermediate
transient exciton formation with the changes in the coordination number and the charge state of
pnictide and chal cogenide atoms. The exciton recombination led to alocal rearrangement of bonds
and new configuration appears which is different from initial configuration. The cumul ative effect of
loca configuration changes involving essentially al atoms produces such a macroscopic
phenomenon as the fluidity, if the external stresses were applied to the sample.

2. J. Li's and D.A. Drabold's modd [18]. For devdopment of this modd the first-principle
molecular dynamics simulation was used. From this simulation and under the consideration of defect
chemistry of ACh it was shown that defect pairs (the so-caled HOMO and LUMO groups)
associated with band tail states become involved in the rearrangement in the covalent network.
Under irradiation the plasticity arises due to the diffusion motion which is observed for short times.
3. K. Tanaka's model [19]. The locdized sites which appear due to electron and holes excited by
light act as “knots” of the segmental structure and the plasticity of the material incresses. If the
material is subjected to stresses such atomic changes as the macroscopic fluidity will appear.

4. H. Oyanagi & d.'s modd [13]. In this modd the photo-induced non-thermal melting in ACh
(a-Se) isinterpreted as the result of pairing of excited lone pair € ectrons which induce neutral three
—fold coordinate pairs. As a result, the formation and breaking of interchain bonds appear which
reduce therigidity of the network

5. K. Shimakawa's modd [20]. The “dlip and repulsion modd” that has been proposed first of all
accounts for the photodarkening and photoexpansion in ACh. The modd was based on the idea that
layer-like dusters that exist in ACh and are located in the illumination region become negatively
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charged due to different mobility of charge carriers. As a result, the dectrostatic repulsion forces
arise between adjacent layers. Regarding photoplasticity it is concluded that the mutud glide motion
of the layers after applying the external stress will be achieved more easily in such a case.
6. S. Yannopoulos model [21]. From Raman-scattering studies on sub-gap excitations the probable
model of photo-induced plasticity has been given, based on effective unfolding of As,S, cage-like
mol ecul es redlized by the combined action of light and stress. The term “photoductility” is proposed
as the name of the effect. It's very interesting that the concentration dependence of the effect is
considered in this mode only.
On the one hand Y annopoulos' modd confirms that specific cage-mol ecul es As,S4(Se;) and/or
As,S:(Sey)- types are responsible for the PhE. It is very essentid that the same structural units are
considered for the explanation of the well-known photo-induced changes of the optical constants in
ACh, both in bulk and film forms. The concentration of such structural units reaches the maximum
in composition, which is close to stoichiometric one, i.e. to AsupSeso and AsuSeso , as well asin those
in which As-As bonds are dominant (AssSss and AsspSesp). In this case a strong correlation will be
observed between the light-induced plasticity and the photo-induced change in optical constants.
The maximum of these changes must be very close to the stoi chiometric composition.

Table 1. Photoplasticity in solids: evolution of observations from 1919 to 2004.

Author(s) Name of the Materials Light source Method Comments on the
effect essential features of
the observed effect
O. U. Vonwiller | No name aSeand c-Se Unknown No details Observation of the
(1919) [2] (bulk) effect of light onto
the plagticity of solids
G. C. Kuczynski, | Photomechanica | n-type Ge, InSb,|Mercury Microhardness |Decrease in micro
R. F. Hochman | effect INAs and p-type|lamp measurements | hardness in
(1957) [3] Si (bulk) crystalline
semiconductors
Yu. A. Osipyan, | Photoplastic crystalline CdS | Electrical Compressive | The effect of light on
I. B. Savchenko | effect (bulk) lampwith  |testing sress flow and the
(1968) [4] afilter strength  limit  in
crystals
B. V. Deryagin, | Photomechanica |aSe, aAs,S; Electrical Microhardness |Decrease in micro
Yu. A. Toporov, | effect (films) lampwith | measurements | hardness in
K. I. Merzhanov afilter amorphous
etd. (1974) [5] semiconductors
S. V. Nemilov, |Photoviscosity |aAs:S;, Bandgap Viscosity Decrease in viscasity
D. K. Tagantsev | effect aAsSe; illumination |measurements |under  illumination
(1981) [6] (bulk) (laser) near Ty with  one  order
magnitude from dark
one
M. L. Trunov, |Photoplastic &AS,S;, Bandgap Internal  stress| Athermal decrease in
A. G. Anchugin | effect aAs;Se; illumination |relaxation and|viscosity to 10**-10%
(1992) [7-9] (film) (laser) microhardness | poise under bandgap
measurements | illumination. The
temperature hindering
of the effect
H. Hisakuni, Photofluidity aAsS; Subbandgap | Tensiletesting |Atherma decrease in
K. Tanaka (fiber/flake) illumination viscosity to 510 P
(1995) [10] (laser) under  subbandgap
irradiation
N. Khusnatdinov, | Photoplastic icesingle Ultraviolet |Compressive | Observation of
V. F. Petrenko | effect crystals illumination |testing hardening in an ice
(1994) [171] with xenon crystal under
lamp illumination
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Author(s) Name of the Materials Light source Method Comments on the
effect essential features of
the observed effect
P. Krecmer, Opto-mechanical | aAssoSeso Bandgap Interna stress | Observation that
A. M. Moulin,| effect* (film) illumination |relaxation stress depends upon
R. J Stefenson (leser) measurements | polarization of the
et al. (1997) [12] incident light
H. Oyanagi, Optical melting |a&Se, aAsSe;| Xenonlamp |X-ray Reports on  melting
A. Kolobov, (film) absorption phenomenon  under
K. Tanaka Spectroscopy light illumination at
(2000) [13] low temperature, 30K
R. Bgjpai, Photoplastic Polycarbonate | Mercury Microhardness |First report of the
S. Sharmaet a. | effect lamp measurements | photoplastic effect in
(2003) [14,15] organic polymers
M. L. Trunov, Polari zation- aAspSes Bandgap Internal  stress| Observation that
V. S. Bilanich | dependent (film) illumination |relaxation and|stress relaxation and
(2004) [16] photoplastic (laser) microhardness | microhardness of
effect® measurements  [the films  depend
upon the polarization
of theincident light

On the other hand, the giant photo - softening has been detected recently by Brillouin
scattering in Ge, Sep.x glasses with x close to mean- fidd rigidity percolation transition and it is
achieved for Geyg Ses; glasses [22]. It looks as a general rule for observation of the giant
photomechanical response in glasses and the same approach may be applied for ACh of another
composition in which the percolation theory is devel oped [23,24].

In this paper the last two ideas have been examined and checked by using the As-Se glass as
amode system.

2. Experimental

The experiments were performed on 2-um thick films prepared by thermal evaporation of
As,Sey glasses (for x =0, 10, 20, 30, 40 and 50) from quasi-closed effusion cells and deposition at
arate of 2-5 nm/s onto unheated glass substrates. We choose this system for two reasons: (i) thin
films of al compositions from amorphous Se to binary AssqSes, dloys correspond to the starting
glass well [25]; (ii) the deviations in the illumination energy E;, to bandgap energy E, ratio are much
smaller than in the case of As-S and Ge-Se glasses [26]. The samples were exposed to radiation of a
laser operating at a wave ength of 630 nm. The radiation power density at the sample surface under
nanoi ndentation tests did not exceed 30 mwW/cn?.

Before the experiments the films were kept in dark at room temperature for about 3 months.
The films were irradiated from the bottom of samples through transparent substrates] The
mechanica properties of the deposited films were studied by the method of repeated indentation
which is described earlier in detail [27]. Five samples prepared in one deposition cycle were tested.
Mainly nanoindentation tests were carried out and prdiminary results were given in [28-30]. The
diameter of samples was 15 mm and alowed us to carry out multiple measurements to obtain
reliable and reproducibl e results.

* Vectoral effect. It is not considered in this paper.

OAs thelight penetration depends on the absorption coeffici ent which was defined by the film composition we
must use the samples with different thickness for every composition to reduce the possible influence of the
difference in the layer absorption onto the results of nanocindentation. To avoid this effect the irradiation of the
films must be conducted through an indenter. However, the typica construction of a nanohardness tester does
not alow it.
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Nanoindentation measurements were performed using a depth-sensing nanohardness tester
(modd Nanoindenter 1I, MTS Systems) with a Berkovich diamond pyramid as an indenter. The
details of instruments and methods are given in [31]. For the experiment we used the step loading
(see Fig.1, curve 1): the load schedul es comprised first aload ramp to the peak load of 2 mN with a
rate of 0.7 mN/s, followed by holding at the peak load for a duration of 60 s, then unloading with the
same rate and followed by holding at the zero | oad for a duration of 60 s. The nanohardness (H) and
Young's modulus (E) were calculated from the |oad—displacement curves according to the Oliver
and Pharr procedure [32] with atypica error of = 0.1 GPaand + 1 GPa, respectively. Each set of
nanoi ndentation measurements consists of 5 tests for each sample: two tests in darkness (before and
after irradiation, respectively) and three one during irradiation.

3. Results and discussion

Fig. 1 (curves 2-4) shows an example of nanoindentation obtained in the series of experiments
(at aload of P =2 mN) with as-deposited AszpSey, film. The measurements were performed in the
dark (2), during the first exposure, which is started with loading simultaneously (3), and during
prolonged irradiation (4). For the films of other composition the obtained dependences were the
same and differ only quantitatively.

Similarly with the studies of retarded dasticity in glasses by the deformation relaxation
method [33] the total depth of indenter penetration under unloading may be signed as. h=he + h, +
hy , where h is an dastic component, h. and h, are relaxation and plastic ones, respectively (see
example for curve 3in Fig.1.).

As it can be seen from the experimental data, the depth of indenter penetration only very
dlightly depends on holding the indenter under constant load in the dark and after irradiation and the
depth recovery is defined by eastic components he during fast unloading (Fig. 3, curve 2). The
contribution of arelaxation component h; in the process of depth recovery isvery smal.

For the measurements in the course of irradiation the pattern is significantly different,
whereby the indenter penetration nonlinearly varies with time and the interrel ati onships between the
magnitude of he, h, h, change essentially. In theinitial and prolonged stage the indenter penetration
depth increases sharply (Fig. 1, curve 3 and 4, respectivdy) and after unloading we can observe the
depth recovering due to theincrease in the contribution of h, component.
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Fig. 1. Depth-time dependences of an indentor penetretion at nancindentation tests of

AsxSep films: in the dark (2) and at different stages of irradiation (3 and 4 correspond to the

second and third test cycles), 1 — schedule of the tests.

- . .
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The results obtained reflect the dynamics of photo-induced redistribution of components he,
h,, hy, This dynamics as well as changes in nanohardness and Young's modulus under light
irradiation are shown in Fig. 2 for AsSerp film. It is seen that dynamic changes are observed not
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only for components h, (1), he (2), h (3) but for nanohardness (4) and Y oung’s modulus E (5) either.
Thus, at theinitial stage of irradiation a step increase in a plastic component and Y oung’'s modul us(]
and, simultaneously, the decrease in an dastic component and nanohardness are observed (Fig. 2,
curves 1, 5 and 2, 4, respectivdy). In particular, a plastic component at the initial moment of
irradiation for AsySes rises for 30%, and nanohardness decreases by a factor of 2.

According to the data obtained in all test cycles one can get the concentrational dependence
of PhE parameters in As,Sey films. It is known [34] that the energy absorbed by a sample per one
cyde of loading at nanoindentation is defined by the loop square of “loading-unloading” cycle on
“force-displacement” diagrams. The main parameter which defines the magnitude of this energy is
the plastic component, h,. Taking into account that under irradiation the change in a relaxation
component weakly depends on the composition (Fig. 2, curve 3), the dynamic changes of absorbed
energy AW at nanoindentation during irradiation in films in the first approximation are defined by
the redistribution of components h, and he (as h,< he<h,) and, consequently, will be proportional to
square AS under curve hy(t) (it is cross-hatched in Fig.2). The photomechanical susceptibility factor
of a materid defining its sensitivity to irradiation and presenting the degree of structural changes
during exposure may be used as one of the PhE parameters. This magnitude is equal to the rate of
change in a plastic component dhy/dt and may be defined from two test cycles — dark and first cycle
at irradiation of the sample.
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Fig. 2. Dynamics of photomechanical response for As;pSey film: 1-3 — components of total

deformation of films at nanoindentation (plastic hy, (1), elastic he (2) and viscous he (3)),

curves 4 and 5 — changes in nanohardness (H) and Young's modulus (E) of the film,

respectively. The cross-hatched area is proportional to dynamic changes of energy AW,

absorbed by the sample in nanoindentation cycles under irradiation. The arrows show
switching the light on (1) and off (1).

In Fig. 3 the concentrational dependences of above-mentioned va ues AW(X) in relative units
(curve 1) and dhy/dt (x) (curve 2) are given. From the results obtained it follows that in the region of
concentrations of Se atoms closeto 80 at. % for both parameters the maximum is observed showing
giant changes in the mechanical flexibility of the material under exposure. Simultaneoudly, for films
of this composition the absorbed energy considerably increases during nanoindentation. For
example, in comparison with amorphous sd enium and AsSes, in AsyeSey films the rate of plastic
deformation increases by a factor of 5. Similarly, the maximum of absorbed energy in
nanoindentation cycleis aso observed in As;Ses films. At the same time the photo-induced optical
changes for AsySey films are the lowest compared to other compositions of As-Se system (Fig. 3,

Ot should be noted that the Y oung's modulus of the film at the initial stage of irradiation incresses, whereas
nanohardness drops more than by half, athough these characteristics usualy exhibit direct correlation.
Discussion of this fact is outside the scope of this paper, however such behavior was observed in al the
samples tested. At the same time the Poisson ratio may also change under irradiation, but we consider it as a
constant value close to v = 0.3 in these measurements.
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curve 3). The data obtained point to the dependence of PhE intensity in the given materials on their
structure and avail ability of certain structural €ements.

It is known that the concentrational dependence of physical properties of glasses is defined
by changing the ratio of structural units, as well as by the availability of the defect subsystem [35].
These structural units define the fundamental properties of a glass, in particular the availability of
the number of relaxation transitions from one deformation state into another — the totd relaxation
spectrum. Each process is defined by unfreezing the mobility of certain kinetic units and
accompanied by corresponding effects on temperature and frequency dependences of physical
parameters of glasses.
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Fig. 3. Concentrational dependences of increment of absorbed energy AW (1) and
photomechanical susceptibility dhy/dt (2) & PhE. Curve3 — photoinduced changesin the
forbidden gap for As,Seioox films (after [36]).
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Fig. 4. Temperature dependence of internd friction of As;Seqw bulk glasses and
concentrational dependence of  —relaxationin As.Seinox glasses (inset ) [after (37)].

To study the mobility of structural units and defect subsystem and to establish possible
corrdation of structural rdaxation and PhE in As,Seigx System we have used the data obtained
while studying glasses of As-Se system within 77 KO Ty by the method of interna friction under
quasistatic loads at frequendies of 10°+10" Hz [37]. The details of experiments and method of
defining temperature-frequency dependences on interna friction Q' and shear modulus G are
described in [38].

In Fig. 4 the dependences Q™ (T) for As;oSey bulk glasses are given. From Fig. 4 it is seen
that a wide internal friction maximum with amplitude Q*,, = 20x10° is observed within
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G, -G,

T [200 K — 220 K which is accompanied by a sharp decrease in shear modulus’ =0.1

5]

(10%) (where G, and G, are the non-relaxed and relaxed values of shear modulus, respectively).

With increasing the deformation frequency the temperature of this maximum T, rises and the
temperature at which G decreases shifts upwards. This indicates the reaxation character of the
process whi ch defines the appearance of this maxi mum.

The maximum losses of internal friction and shear modulus defect vaue are the largest in
AsxSeso glass (Fig. 4, inset). In AsuoSeso 11 AsspSeso glasses the indicated internal friction maximum
and shear modulus defect are absent. At the same time in the glassy sdenium such maximum is
revealed, though it is more weakly pronounced (Q ™, = 7x1073, see Fig. 4, inset). Taking into account
this and the fact that at equal deformation frequency the temperature T, of interna friction
maximum of AsSenx glasses does not depend on the concentration, one can suppose that
cha cogen atoms are responsibl e for above-mentioned maxi mum.

It is known that the amorphous sd enium structure is formed by Se, chains and rings [39]. It
is evident that while adding small amounts of As atoms (the coordination number z = 3) into Se
(z = 2) the As-Se bonds are mainly formed by breaking Se, rings and chains. The number of atoms
with broken bonds at the ends of Se, chains rises. On average, adding one arseni ¢ atom results in one
broken bond of selenium (end atoms of chains and rings) in the structure of As,Sejgx glass. In the
region of small concentrations of arsenic atoms AsSeioox glasses have an one-dimensional linear-
chain structure similar to Se, one. With further increasing the concentration of arsenic alongside
with the process of breaking bonds the formation of chemical As-Se bonds becomes essential dueto
saturation of broken Se bonds whose concentration in As,Seinox glasses at x = 20 is aready large,
while the length of Se, chains considerably decreases. In the region of concentrations of selenium
atoms x [115-20 % the processes of breaking chains and saturating broken bonds by arsenic atoms
have an equal intensity and the concentration of sdenium atoms with broken bonds is maximal.
Because of this the maximum is observed on the dependence curve Q*, (x) in the region of
15-20 at. % of As concentration. Further increase in As concentration results in the decrease of the
concentration of Se atoms with broken bonds and as a result the maximum height of internal friction
decreases much, and the absol ute magnitude of the shear modul us increases.

From Fig. 4 it is seen that in the region of glass transition temperature a strong increase of
mechanica losses and decrease in shear modulus are observed. Their temperature position is
frequency-dependent: they shift to higher - temperature region with increasing the freguency.
Similarly to polymers [40] and oxide glasses [41] one can state that the increase in mechanical
flexibility and internal friction of AsSejox glasses in T region is defined by the main relaxation
process — the so-called a-relaxation, connected with complete unfreezing of segmental mobility of
the structure. According to the classification of relaxation transitions in polymers and glasses
[40,41], the first relaxation process observed a temperatures lower than a-rdaxation (i.e T < Tg) is
caled B - relaxation. Thus, it can be concluded that a low-temperature (200-250 K) process of
mechanicd rdaxation in As,Sejx glasses is B - process. Taking into account the concentrational
changes of itsintensity (Fig. 4, inset) one can suppose that it is connected with loca relaxation of the
structurein thevicinity of selenium atoms with dangling bonds.

Proceeding from the concentrational dependences of PhE parameters in As,Seigox films (see
Fig. 3) and intensity of B-relaxation (Fig. 4, inset) in the bulk glasses of similar composition one can
suppose that between these phenomena a strong corre ation and interrel ationship of B- rd axation and
giant magnitude of photoplastic effect should exist.

4. General remarks

The ability to manipulate the mechanica properties of ACh by photo-modifi cation makes the
fied fascinating. Note that earlier the giant photoexpansion, in which the photoplasticity plays a key

“it isnot shown on the Fig. 4.



Photo-induced plasticity in amorphous cha cogenides. an overview of mechanisms and applicetions 2243

role, was employed for the shape modification of the ACh surface, in particularly to produce optical
microlenses [42]. That iswhy a particular focus of these concluding remarks is the application of the
PhE. One possible way of employing the PhE is to improve the technology of ACh film production
and a second oneisits using in nanoimprint technique for various purposes.

7L

(e}

Stress (107 Pa)

0 20 40 60 80 11I)0 120 140
Time (102 s)
Fig. 5. Mean stress in a 3-um-thick anneded As;Se; films versus the exposure time
0, — stress after thermal trestment and 0,- stress after irradiation. Arrows indicated the
moments of light switching on (1) and off (1).

One application of the PhE in technology is to create the stress-free film specimens, because
in the process of irradiation the film becomes visco-dastic and the internal stress reaxes to zero
(Fig. 5). This can be accomplished by different ways: (i) by irradiating a substrate under a laser
during the process of film deposition; (ii) by irradiati ng the film after the process of deposition being
finished; (iii) by choosing the desirable stress on level and sign (they are useful tools if the
multilayer samples are produced) through irradiation of the films obtained at different substrate
temperature.

The changes in adhesion strength under irradiation take place simultaneously with stress
relaxation in thin films. Fig. 6 shows the indentation - time dependence of the imprints obtai ned
during the microindentation test. As we can see the detachment of the annealed film takes place just
upon the short contact of the indenter with the film (Fig. 6, row I). With increasing the indentation
time (Ting) the radius and the height of the circle crack grow up. The row Il in Fig. 6 shows the
changes in these val ues, when afilmisirradiated from the side of the substrate by He-Nelaser in the
process of microindentation. It is seen that in this case the film detachment takes place much later (at
Ting = 7-8 min), with the crack height tendency to decrease (at Ting = 10 min by a factor of 2). For the
films preiminarily irradiated during the time equd to Ti,g (Fig. 6, row Ill) the process of film
detachment begins at higher value of Ting J25 min and the crack radius and height are lower.

Fig. 6. The imprints after sequential microindentations in a 3-um - thick annealed AssoSeso

film at aload of P =50 mN in the dark (row I), under irradiation (row II) and after irradiation

(row 111). The duration of every next load-unload cycle in rows I-11l increases with the

number, amounting to 10 s(1), 30s(2), 1 min (3), 3 min (4), 5min (5), 10 min (6), 30 min
(7), and 60 min (8). A Vickersindenter was used in all thetests.
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We also confirmed the improvement in adhesion strength by using nanoindentation test.
Fig. 7 shows the load-displacement curves during nanoindentation of 2 um - thick as-deposited
AsySey film before (1), under (2) and after laser irradiation (3). The changein critica load in which
detachment occurs is clearly seen from comparison of curves 1 and 3. It is interesting that the
mechanism of failure of athin filmis quite different for a non-irradiated sample and irradiated one.
It is reflected by curves 1 and 3 in Fig. 8 in which the displacement-time dependences present the
holding segments of the tests corresponding to appropriate curves in Fig. 7. This difference is not
clear, and now it is under investigation. Note that under the combined of laser exposure and
nanoindentation the film detachment was not observed (Fig. 7, curve 2) even during holding under
the maximal load of the test (50 mN) (Fig. 8, curve 2).

A second possible application of the PhE can be the fields of data storage technology and
nanoimprint lithography. It is now practicable to use AFM technology to modify the surfaces of
materials on the nanosca e [43] and the PhE can be employed both with the possibility of using an
AFM tip for writing and readback of topographic features of surfaces for the purpose of data storage.
We have proposed the device in which the write mechanism is photo-mechanica by origin (Fig. 9).
To write a bit (illustrated in Fig. 9) an AFM-type tip is pressed against a thin film of ACh as the
storage medium simultaneously with a laser pulse to produce a nanoscale indentation due to film
photoplagticity. To read a bit, the tip is scanned across the indentation and its position which varies
depending on whether a pit present or not, is sensed by a position-sensitive detector. This deviceis
similar to those which employ the heating technique for thermo-mechanical data storage [44] and in
principle can be modified like IBM Millipede system in which a two-dimensiona array of AFM-
typetipsisused to write and read datain a polymer medium [43].

Read laser

Position-sensitive
detector

PZT actuator

ACh film

[Substrate —— J\ |

Cantilever/tip

‘Write laser

Fig. 9. Setup of the photo-mechanical scanning probe storage system using ACh film as
recording media.
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On the other hand the PhE can be used in nanoimprint lithography in which a | aser-assisted
photo-mechanical imprinting of ACh film is capable of producing various nanostructures
transferring them from the mold. A nanopattering technique in this case may be similar to traditional
one [45]. The main advantage of photo-mechanical imprinting comparativey to photo-thermal one
is that it avoids the thermal process, because heating resist is often slow and creates the thermal
expansi on difference between the mold and substrate that could result in misalignment.

5. Conclusions

Thus, it has been established for the first time that in AsSey films a giant PhE is observed
as aresult of which an essential redistribution of deformation components with a sharp rise of plastic
component contribution takes place. The absence of corrdation between the magnitude of photo-
induced optica changes and PhE amplitudein As-Se films has been found.

Based on a good corrdation of PhE parameters and internal friction data it is shown that the
giant PhE is connected with the maximal concentration of chalcogen atoms with broken bonds in
AsSegox filmsat x = 20 at.% and defined by intensive structural rearrangements in such regions of
loca disordering of the structure Possible applications of the PhE for improvement of the
technology of ACh film production and scanning-probe based storage were considered.
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