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PHOTOPLASTIC PHENOMENA IN CHALCOGENIDE GLASSES
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The brittle-to-ductile transition observed in As-S(Se) films under the action of light has been
investigated. In this transition, the bandgap light, incident on the chalcogenide film causes a
reversible transition from brittle to ductile state (the photoplastic effect) produced by
successive on-off cycles of band-gap illumination. A macroscopic model is proposed, which
explains this effect in terms of photosoftening phenomena of glass structure, which causes an
essential decrease in the viscosity of glasses to the level close to 10% - 10" Poise under the
bandgap illumination. This effect is eectronic, not thermal in origin and consists of two parts,
namely negative (sharp decreasing in viscosity down to 1x10%) and positive (itsincrease up to
1x10%) stages. All parts are temporary and exist under irradiation only. We assume that the
first part is general and causes al photostructural and related phenomena in chalcogenide
glasses.
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1. Introduction

It has been known for a very long time that inorganic glasses are typicdly brittle materials at
ambient temperature and this is due to the relatively low hardness as compared to their flow limit. By
applying in-situ stress measurement to photostuctural changes in chalcogenide films based on
As-S(Se) we have found essential dynamic changes in films plasticity, i.e. a reversible photoinduced
transition from brittle to ductile state in chal cogenide glasses (the photoplastic effect) produced by
successive on-off cycles of band-gap illumination [1,2]. A macroscopic mode is proposed, which
explains this effect in terms of the viscous flow of glasses under irradiation with the viscosity near
10" - 10" Poise (seg, for example, areview in English in [3]). This phenomenon was confirmed | ater
by Hisakuni and Tanaka [4], as photoinduced fluidity of chacogenide glasses for sub-gap
illumination. In subsequent papers the effect was considered as discovered by Hisakuni and Tanaka.
Actudly, this effect is part of the photoplastic effect in chal cogenide glasses and was published as
early as three years before their communication. Indeed, in his subsequent review [5], K. Tanaka did
cite one of our publications [6], athough this reference and his commentsin [5] do not reflect the full
content of our previous works. In his later articles [7-9] even this reference was omitted.

The photoplastic effect has been employed to fabricate refractive lendets in As,S; glasses as
was demonstrated in [10] and may be used for other applications in which the surface shape
modification is necessary.

In this paper we present new details of our experimental results devoted to the photoplastic
effect. A review is given on these topics through the recently obtained results on the positive and
negative photoplastic effects for As-S (Se) films.
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2. Experimental

Two groups of samples were investigated: As-S and As-Se thin films were prepared by
thermal evaporation of bulk glasses onto cleaned mica or glass strips 15-30 mm long, 2-5 mm wide
and 0.05-0.3 mm thick (for stress relaxation measurement in films) and onto quartz substrates with the
thickness of 10 mm (for viscosity measurements) at a pressure of 1x10° Pa and deposition rate of
about 0.2 um/min. The substrate temperature in al cases was close to ambient. The thickness of the
films varied within the limits of 0.5 to 4 um and was controlled by alaser interferometer.

The stress relaxation was measured with the origina measuring laser dilatometer which
alows for the continuous determination of the film stress during the film depaosition process and
during heating and/or irradiating the sample. The cantilever with afilm on one sideisilluminated with
bandgap light (as a light source we used Ar*- laser for As-S system with the intensity of
50-300 mwW/cm? and He-Ne or Kr" - laser for As-Se system with the intensity of 5-150 mW/cm?) and
the displacement of the cantilever is detected by a laser interference measuring equipment described
in detail earlier [3]. The initid stress values during deposition and after annealing were cal culated
from Stoney’'s formula. For a strip of length L, thickness d, and Y oung's modulus Y, clamped on one
end, the deflection o of its center dueto stress o of the film with the thicknesst is given by

2
5=3|;t
dsy
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The microhardness tests for viscosity evaluation were performed by the method described in
[2,6] by the microhardness tester PMT-3 with a Vickers' diamond pyramid as an indenter. The
indentation depth was measured by an interferometer technique with an accuracy of better than
+ 0.01 um. The viscosity 77 is estimated by

P
=, 2
e,

where d%t is the rate of the indentation depth change, h, is the “instantaneous’ value of the
indentation depth at the moment when aload P is applied.

3. Results

The starting level of internal stresses for as-deposited (0;) and anneaded (0,) As-S(Se) films
was caculated and the dependences of the internal stress redaxation process as a function of
illumination time for each coating/substrate system were obtained (quantitative data are given in
[11]). Fig. la presents typical o-t (or, more exactly, &-t) stress/deflection relaxation curves for
as-deposited (1) and annedled (2) A-S (Fig. 1 a) and As-Se (Fig. 1b) films. Curve3onboth Fig. 1 b
shows the internal stress changes during reiteration laser on-off periods. A positive value of o or
corresponds to tensil e stress and the film volume V (or thickness d) decrease.
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Fig. 1. Kinetics (in relative units) of internal stressrelaxation (1,2) and generation (3) for 1 um
As-S (8) and As-Se (b) films under the action of laser light. The arrows show the beginning

(v)andtheend (1) of exposure. Seethetext for details.
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It is shown that as-deposited As-S films are characterized by compressive stresses but the
process of film annealing results in the emergence of tensile stress. The films of As-Se system are
characterized by tensile stresses only irrespectivey of films prehistory.

For both film systems, the stress reaches the value oy, which approximatey equals zero (the
first equilibrium position of a cantilever) under illumination. It does not remain constant with the
illumination turned off and approaches another eguilibrium levd o3 in the dark period. With
reiteration laser on-off periods, reversible changes in the internal stress from leve o3 to zero leve oy
occur inthe films. The magnitude of the internal stress in a dark period (o3) depends on the darkness
period duration.

Note that the above data were confirmed later by Teteris [12] and used for development of
holographic gratings in amorphous As,S; films [13].

The typicd kinetics of the indenter penetration (see Fig. 2) for As;S; and As;Se; thin films
tested in darkness (1) and for those tested under illumination at variable illumination power (11, I11)
shows that the indentation depth in the latter cases is much greater than that one in a dark period (i.e.
before or after the process of illumination). The kinetics of the indenter penetration for films after
irradiation and tested in darkness is qualitatively the same to line | and has differences only in size of
impression.

Fig. 2. The indentation depth as afunction of the loading time (for P=0.02 N) for 3 um As,Se;

film: line | - film tested by Vickers indenter in darkness; line Il — under the action of laser

light with the power density of 5 mW/cm? line Il — the same with the power density of

10 mW/cm?®. Time of loading is 1-1s; 2—30 s, 3-1 min; 4-3min; 5-5min;
6—10min; 7—20 min; 8 —30 min; 9—40 min; 10 —50 min.

As follows from Fig. 2 the change in indentation depth linearly depends on the time under
illumination (appropriate Fig. 2 dependence was published in [2]) and in that article we estimated the
film viscosity level. The ca culated va ue was close to 10 in darkness and 10™ during il lumi nation.

The abovelevd of viscosity is average and correct only if the val ue does not change with time
and remains constant during the whole process of illumination. We have checked this supposition by
using the test procedure which is associated with the measurement of the indenter penetration through
an equal test interval (time of loading is At = 20 s). As follows from the data obtained (see Fig. 3) the
photosoftening of the As;Seso film increased drasticaly at the beginning of the process of
illumination while the prolonged laser illumination decreases the indentation depth and leads to
saturation of theleve of film microhardness. The va ue of viscosity is about 1x10% Poisein theinitial
part of the process and d ose to 10* Poise at the end.
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Fig. 3. The indentation depth as a function of the illumination time (for P=0.02 N) of 3 um

As5pSey (curve 1) and As,Se; (curve 2) film tested by using an equal test interval (loading

timeis 20 ) under the action of laser light with the power density of 130 mW/cm?. In inset —

the same for annealed As;Seso film. The arrows show the beginning (1) and theend (1) of
exposure.

Theinvestigation of the viscosity behavior under illumination in As-Se chal cogenide films of
another composition yields the results similar to those given above and differs only quantitatively
(Fig. 3, curve 2).

4. Discussion

So, the laser irradiation causes the stress (o) relaxation close to zero levd irrespective of the
initial stresses in films and therma prehistory (Fig. 1) and this is due to the photosoftening
phenomena (the photoplastic effect) (Fig. 2) which lead to a reversible transition from brittle to
ductile state in chal cogenide glasses produced by successive on-off cycles of band-gap illumination.
The basic rdaxation mechanism involves a viscous flow under simultaneous action of illumination
and applied external forces. The value of viscosity is approximately equal to 10* Poise and very close
to the viscosity at the glass transition temperature. This result was confirmed later in [4] from the
experiment of fiber elongation under the combined action of sub-gap light illumination and externd
loading. This effect was called “photoi nduced fluidity” of cha cogenide glasses by authors [4].

Very interesting is the fact that the impression shape under illumination differs essentialy,
because the plastic zone size under the indenter is comparable with the impression diagona length
(Fig. 4a). On the contrary, the plastic deformation for non-irradiated material (or after the incident
laser illumination is switched off) is highly locaized. This is due to the difference in the plastic
deformation mechanisms in amorphous chalcogenide films under the action of laser light and in
darkness. Note, that this effect is not thermal, because the indentation shape for heated films is very
small and has cracks on the edges of the impression diagona (Fig. 4b). This phenomenon is typicd
for brittle materias and may be explained by the process of increasing in tensile stress for films
during heating.

As follows from Fig. 3 the process of photaosoftening has a fine structure and consists of two
parts: sharp decreasing in viscosity at a first second of illumination (the negative part) and its
subsequent increasing with prolonged laser illumination (the positive part). These parts are
characterized by the viscosity levels dlose to 1x10™ and to 1x10™ Poise, respectively.

Note, that the negative part of the effects is not thermal either because as we can see from
Fig. 3 during the repeated laser on-off periods and for illumination of annealed films (which are
characterized by much greater absorption than as-deposited films) the intensity of decreasing the
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viscosity is much smaller. We assume that the first part is general and causes dl photostructural and
related phenomenain chal cogenide glasses. This property is currently under investigation.

Fig. 4. The interference pictures of the indentation shape for As,Se; films: &) microhardness
test under theaction of laser light with the power density of 10 mW/cm? b) the samein
darkness at atemperature of 80 °C. The loading time for P =0.02 N was 50 min.

The experimenta results can be interpreted at the atomic scale in terms of the mode of
repulsion and slip motion of layered structure [14]. However we think that not enough experimental
data are obtained for the devel opment of a microscopic modd of the photoplastic effect. Taking into
consideration the results shown in works [15,16] we could only predict some features, in particular,
the presence of temperature hindering of the photoplastic effect causes its anomd ous temperature
dependence [17]. We have predicted the anomaous temperature dependence of viscosity of
cha cogenide glasses under irradiation taking into account the following facts: In the paper [15] the
light effect is investigated on As,S; viscosity within the temperature range 80 - 210 °C (see Fig. 5
curve 1, 2). According to our results the viscosity of A$S; thin films under irradiation a room
temperature decreases to 10'%-10" Poise. If we combine this point and the points on curve 2 (see
Fig. 7) we will obtain the curve describing the anomal ous temperature dependence of photo-viscaosity
with a maximum within the region of 10%/T = 28-30 (60-85°C). Thereal experimenta points (Fig. 7,
curve 3) show a good qualitative corrdation with the general aspect of photo-viscosity dependence on
temperature but they do not corrdate quantitatively with Nemilov's data. To evaluate the viscosity
dependence we used the method of microidentation [2]. Our method differs from Nemilov’'s one
whose accuracy is much higher. Besides, to measure the viscosity of bulk glass is much easier than to
measure it in films. The conditions under which we conducted experiments differ, that is why it is
difficult to expect a good corrdation of our results. But the general aspect of anomal ous temperature
dependence of photo-viscosity is very close to the data obtained in [18].
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Fig. 5. The photoinduced viscosity dependence of temperature in the region from ambient to
T, in chalcogenide glasses. Curve 1 and 2 show dependence for bulk As,S; in darkness and
under laser irradiation, respectively (after Ref. 15). Curve 3 gives a good correlation with
predicted anomalous temperature dependence of photo-viscosity in[17] and confirmed the
results obtained in [18].
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Note that all the results concerning the photoplastic effect were obtained by using band gap
illumination with the intensity power within 5-300 mW/cn?, that is why we can neglect the role of the
temperature effect. As we can see we do not need to use 1000 W/c? or more as it happens if the
intense sub-bandgap light illumination is used [4]. Moreover, in our experiments we have found afine
structure of the photoplastic effect which is hindered under sub-band gap illumination.

We emphasize that the influence of light on materials plasticity was observed for crystalline
semi conductors by Osipian and Savchenko for the first time [19]*, who called this effect photoplastic.
We consider this term to be more correct than photo fluidity, opto-mechanical effect? and others since
it exactly reflects the essence of the phenomena observed. The use of the term “photofluidity” does
not reflect the essence of the phenomenon. In reality chalcogenide glasses do not flow under
irradiation. For “glass flow” the simultaneous irradiation and application of externa forces is
necessary. Thus it is more reasonable to use the term “photosoftening” or “photoplasticity”®. That is
why inour articlein 1995 [6] we use the name photopl astic effect.

5. Conclusion

We clam that for chalcogenide films under illumination the negative and positive
photoplastic effect occurs. The main mechanism is the two - stage transformation of film materials
from elasti ¢ to viscous state with the viscosity levels close to 1x10™ and 1x10™ Poise, respectively,
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