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Abstract

The combination of nanoindentation and band-gap irradiation has been used to study the photoplastic effect in vitreous semiconduc-
tors. It has been shown that a non-linear (non-Hookian) mechanism of the formation of the strain response is realized in the As—Se chal-
cogenide films subjected to the combined action of light and external mechanical loading, simultaneously with opposite changes in
Young’s modulus and nanohardness. These observations have been considered in the frame of the two-phase model of glasses in which
each of the phases has a time-dependent character of the mechanical response subjected to an external perturbation. We have confirmed
this assumption by experiment with irradiation of the film surface by linearly polarized light and give a simple mechanical model for

explanations of the obtained results.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The negative photoplastic effect was observed previously
[1-3] in As—S(Se) vitreous semiconductor films irradiated
by light from the region of the absorption edge. A macro-
scopic model of this phenomenon was based on the
assumption of the athermal decrease in the viscosity of
the films during irradiation to 10" Poise, which is close
to the viscosity of vitreous semiconductors near their
glass-transition temperature 7,. This assumption was
directly confirmed in the experiment [2]. Further observa-
tions of a manifestation of the negative photoplastic effect
at low temperatures in amorphous selenium (optical melt-
ing [4]), photoinduced fluidity [5], which was discovered
when vitreous semiconductor fibers were irradiated by
slightly-absorbed light, as well as the presence of the tem-
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perature hindering of the negative photoplastic effect
[5,6], show that the phenomena found in [1,2] are universal
and general. In this work, we explore the nanoindentation
method for investigating the photoplastic effect of chalco-
genide films on a nanoscale. The results show that the
opposite changes in major nanoindentation characteristics
(Young’s modulus and nanohardness) were observed under
irradiation. Moreover, the elastic response of the films was
changing essentially in time, i.e. the non-Hookian behavior
takes place. We give a simple macroscopical model for
these results in terms of rigid and floppy clusters forma-
tions and modifications with light.

2. Experiments

Chalcogenide glasses of As—Se composition were synthe-
sized in evacuated quartz ampoules in a standard proce-
dure from elemental pure components (99999). The
experiments were performed on 2-pum thick films prepared
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by thermal evaporation of As,Sejg_. glasses (for x = 10,
30, and 40) from quasi-closed effusion cells and deposition
at a rate of 2-5nm/s onto unheated quartz or K-8 glass
substrates. The film thickness in the deposition process
was controlled by the interference method.

The photomechanical response of films to the irradia-
tion by light from the region of the absorption edge was
studied by the method of nanoindentation of samples on
a Nanoindenter II (MTS Systems) nanohardness meter.
The instrument is equipped with a sharp indenter (a
three-sided diamond Berkovich pyramid with a vertex
angle of 65.3° and a tip curvature radius of about
200 nm) and allows investigation of samples with various
loading application schemes. The characteristics of the
instrument and the nanohardness test procedure were
described in [7]. The nanohardness (H) and Young’s mod-
ulus (E) were calculated from the load—displacement curves
according to the Oliver and Pharr method [8] directly from
Nanolndenter II software and a typical error did not
exceed of £0.1 GPa and +0.5 GPa, respectively. In order
to accumulate statistics and to estimate the reproducibility
of the results, tests were carried out with three samples
obtained in one technological deposition cycle. In contrast
to the load scheme commonly accepted for nanoindenta-
tion [7], a very steep loading and unloading sequence was
used in our load scheme followed by longer holding periods
to reveal the regime of the viscoelastic recovery of the
indented region. Each nanoindentation test consisted of
four time segments: the steep loading segment (1 or 2s),
the holding segment (20 or 60 s), the steep unloading seg-
ment (1 or 2 s), and a second holding period at nearly zero
load to measure the creep process during the recovery of
the indented region (20 or 60 s); see approximate load pro-
grams in the bottom part of Fig. 1 (line 1). The maximum
load P in each cycle was equal to 2 mN. During the exper-
iment, several pricks (test cycles) of a sample were per-
formed at the same test parameters and with the lateral
displacement of the indenter after each test. Thus, a new
test cycle was conducted in the following (clean) film sec-
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Fig. 1. Time dependence of the indenter penetration depth in nanoinden-
tation of As;pSeo films (2) in darkness and in the (3) second and (4) third
cycles of tests upon continuous light irradiation by He-Ne laser, along
with the (1) loading application scheme in the test process. Light intensity
is 30 mW/cm? and average exposure time are 120 s (for line 3) and 500 s
(for line 4). Lines just connect the experimental points.

tion. The distance between sections was equal to
25 4+ 0.5 um. The total area of the tested section was much
less than the area of the laser spot (2 mm?) that was further
focused on the sample. Each sample was subjected to 12
test cycles: two cycles in darkness (before and after irradi-
ation) and 10 cycles during light irradiation, which allowed
investigation of the dynamics of the mechanical properties
of films on nanoscale upon irradiation. To reduce the effect
of relaxation processes upon the stabilization of the struc-
ture, freshly deposited films were kept in darkness for three
months. The irradiation was carried out by means of a 633-
nm He-Ne laser whose radiation energy (E = 1.90eV) is
close to the gap width of the films under investigation
(E;~ 1.78-1.90 eV at absorption o= 10°cm™"), and the
radiation power did not exceed 60 mW/cm®.

3. Results

Fig. 1 shows the characteristic time dependences of the
penetration depth of a Berkovich indenter for an AszoSeq
film. Qualitatively similar dependences were observed for
the films of other compositions. By analogy with investiga-
tions of the retarded elasticity in glasses by the strain relax-
ation method [9], the total penetration depth 7/, of the
indenter at the unloading time can be represented as the
sum /= he + h. + hy, of the elastic 4, the relaxation #,,
and the plastic s, components (see line 3 in Fig. 1). As it
is seen in Fig. 1, the indenter penetration depth in the nan-
oindentation of the film in darkness varies only slightly
during the indenter exposure to loading and the recovery
of the indented region is primarily determined by the elastic
component /. at the step unloading (line 2 in Fig. 1). Upon
irradiation, the ratios of the components /4, /4, and &, as
well as Ay, sharply change. The dynamics of these changes
is correlated with the previously obtained results for varia-
tion in the micro- and nanohardness of the As—Se films
during irradiation [10-12]. In particular, when loading is
combined with the simultaneous irradiation of the sample
(line 3 in Fig. 1), a sharp increase in the indenter penetra-
tion depth, as well as a pronounced viscoelastic increase
in the indented-region depth, is observed. Unloading is
accompanied by a step decrease in the indented-region
depth by A, and by a further recovery of the indented
region due to the /&, component. The results obtained in
the next nanoindentation cycle (line 4 in Fig. 1) represent
the dynamics of the photoinduced redistribution of the
components /e, A, and h,, which depend on the chemical
composition of the samples under investigation. This
dependence (excluding the relaxation component, 4, which
slightly depends on the composition), as well as the changes
in the nanohardness and the Young’s modulus upon light
irradiation for all the test cycles, is shown in Figs. 2 and
3, respectively. The strain components are determined
using the indenter unloading curve for each test cycle (see
line 3 in Fig. 1). It is seen that dynamical changes are
observed not only for the (line 1) %, and (line 2) &, (see
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Fig. 2. Dynamics of the photomechanical response of As,Sejgo_, films
upon indentation: the (1) plastic /, and (2) elastic /i, components of the
total strain of the films. Light source is He—Ne laser with intensity 60 mW/
cm?’. Arrows indicate the moment of light switching on () and () off.
Lines are b-spline fits to the experimental data.

Fig. 2) components but also for the nanohardness H and
(Fig. 3(a)) and the Young’s modulus E (Fig. 3(b)).

A light-induced change in the mechanical parameters of
the films indicates that the films become more compliant
and plastic; maximum changes occur in the As;ySegq film.
At the initial stage of irradiation, a steep increase in the
(line 1 in Fig. 2) plastic component and (Fig. 3(b)) Young’s
modulus, as well as a simultaneous decrease in the (line 2 in
Fig. 2) elastic component and (Fig. 3(a)) nanohardness, are
observed. In particular for the As;oSegq film, the plastic
component /i, increases in twice, whereas the nanohardness
is halved. Figs. 1 and 2 also show that, for the same loading
on the indenter, the change is observed in (lines 3 and 4 in
Fig. 1 and line 2 in Fig. 2) the elastic strain component /A,
upon unloading, which testifies to the non-Hookian char-
acter of the film deformation process upon irradiation.
These processes are maximal at the moment if the irradia-
tion starts and more pronounced for Se richer films. Fur-
thermore the opposite changes in nanohardness and
Young’s modulus take place: elastic modulus increases
while nanohardness decreases, whereas usually these two
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Fig. 3. Dynamics of nanohardness (a) and Young’s modulus (b) changes
in (1) AsjpSego, (2) AszpSeso, (3) and AsgoSeq films under irradiation of
633nm light with an intensity 60 mW/cm? The arrows show the
beginning (1) and the end (|) of exposure. Lines are b-spline fits to the
experimental data.

parameters are in direct correlation. It can be assumed that
this can be the evidence of the two-phase model of glasses
[13], in which each of the phases has a time-dependent
character of the mechanical response subjected to an exter-
nal perturbation. In our case a coupled external perturba-
tion field was applied, that is, the light irradiation and
simultaneous application of mechanical field (mechanical
load).

4. Discussion

Let us discuss the possible process leading to the
observed softening of the films and simultaneous increase
of their rigidity. Macroscopically these two phenomena
reveal themselves as the reduction of nanohardness and
increase of Young’s modulus. First of all it should be noted
that although the average temperature of the film rises for
several degrees only under irradiation [14] the film softens
and becomes viscous just as it were observed upon heating
near or even above the glass-transition temperature T, [2].
Since the latter equals 360-450 K for the compositions to
have been investigated the plasticity state is not caused
by heating but it is purely athermal. So, upon heating,
Young’s modulus of the chalcogenide glasses drops in
two orders of magnitude [15]. Under irradiation we obtain
an opposite situation: if the irradiation starts the elastic
modulus generally increases by 10-20% and slightly
decreases during prolonged exposure. For some film com-
positions the Young’s modulus rises continuously (see
Fig. 3(b), line 3). The high value of the elastic modulus
and at the same time the presence of a low viscosity under
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irradiation directly indicate that different mechanisms take
responsibility in the case of light-induced and heat-induced
plasticity (softening) of the film.

Note, that we use the term plasticity or softening, but
not fluidity, because in the last case, i.e. if the material
behaved under irradiation like a viscous fluid, we would
observe: (i) a complete disappearance of the region with
elastic response under step unloading (it follows from
Hook’s law for elastic solids) and, (ii) the negative value
of the derivative dP/dh in the initial portion of an unload-
ing curve during routine nanoindentation procedure.
Indeed, this value is positive for all film compositions under
study though the slope of an unloading curve decreases
essentially under irradiation [16,17]. Moreover, the fluid
substances would be characterized by a lower Young’s
modulus value in the fluid state than in the solid one.

Phenomenological explanation of the effect can be given
within a frame of the conception of local rearrangements
[18,19] due to the heterogeneity (or polydispersity) of the
microscopic structure of disordered solids. It means that
deformation in amorphous materials occurs at special sites
where the molecules are able to rearrange themselves in
response to applied stresses.

We assume that such a conception may be successfully
applied to chalcogenide glasses. So, considering the
approach given in [13] we can find a weak and tensile zones
(shear transformation zones (ShTZ), according to [18] or
rigid domains separated by softer interfacial zones, accord-
ing to [19]) in the force network embedded within a rigid
repulsive matrix. As suggested by [18] these ShTZ might
consist of groups of four or more relatively loosely bound
molecules surrounded by more rigid ‘cages’-molecules. A

Fig. 4. Direct observation of light-induced anisotropic plasticity in AsySego film due to the presence of floppy and rigid phases in the film structure: (a)
image of non-irradiated film surface and (b—d) images of this surface under 5 h, (b) 12 h (c) and 16 h (d) irradiation by unfocused (d ~ 2 mm) linearly
polarized laser with 4 = 633 nm and P = 60 mW/cm?>. The orientation of the polarization of the laser light is indicated on the images (b—d).
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Fig. 5. Mechanical model of anisotropic plasticity in chalcogenide films (a) initial state and (b) under irradiation (see text for explanations).

conventional thermal heating of such disordered heteroge-
neous structure results in the isotropic state and this is due
to random orientation of ShTZ. During irradiation with
band-gap light due to electron—hole pair excitation we
obtain continuous modification of the floppy (soft) phase
which is responsible for the plastic flow and continuous
modification of the rigid phase. The latter defines the
change (increase) in Young’s modulus of the material on
a nanoscale and consequently takes responsibility for
non-Hookian behavior of the film under irradiation in
the course of nanoindentation. We supposed that the selec-
tive excitation of floppy (soft) phase makes its orientation
parallel to the light polarization and also introduces reori-
entation in rigid phase.

From the very general point of view and considering the
results published previously by different authors [14,20,21]
we expected that the mechanical behavior of such ShTZ
strongly depends on the state of polarization of the incident
light. To check this supposition we produced by microli-
thography technique two orthogonal scratches on the
surface of the film and then illuminated this surface by
non-focused He—Ne laser with a linear polarized light.
We studied the changes in surface topography by optical
microscopy after a long-term (a few days) irradiation with
intensity 60 mW/cm?, so, all the effects described below are
of athermal (electronic) nature.

The initial picture in the case of the As—Se film is shown
in Fig. 4(a). After prolonged irradiation the canal of the
scratch which had the perpendicular direction to the light
polarization increases essentially but at the same time the
canal of the scratch which is along the electric field of light
fills up (Fig. 4(b)—(d)). By performing the same experiment
with circularly polarized light we observed that the canals
in both scratches fill up. We performed these experiments
in other composition of As,Sejgy_, films (from pure Se

to AssgSesq films) with the step of x by 5 at.%. The results
were reproducible well and differ only quantitatively. How-
ever the analysis of the compositional dependence is
beyond the scope of the present work. It should be noted
only that we have not confirmed this result for a thin film
of pure amorphous selenium. After more that one-day of
irradiation the canals of scratches did not change, but the
film was crystallized.

Thus we found that plasticity of the films strongly
depends on the orientation of the electric field vector of
the light. These observations directly confirmed our previ-
ous results which were devoted to investigation of the
polarization-dependent photoplastic effect in vitreous semi-
conductors [21]. We found there that band-gap polarized
light produces hardness anisotropy at the surface of chalco-
genide films.

We propose a simple mechanical model for explanation
of this phenomenon (Fig. 5(a) and (b)), where the process
of anisotropic softening consists in the weakening of
mechanical compliance (it is pointed out as elastic elements
in the Fig. 5) in the direction to be orthogonal to the light
polarization. Taking into account the results of investiga-
tion of photo-induced anisotropic deformation in As;S;
[14] and AsseSesq [20,21] thin films we assume that micro-
scopically the origin of these phenomena is similar to the
described above. Since the latter were observed under irra-
diation only, they may be considered as a reversible part of
long-term anisotropic structural changes caused by irradia-
tion of linearly polarized light.

5. Conclusions
The compositional dependence of the photoplastic effect

in As,Sejgo_, has been investigated by nanoindentation
test with the step-loading protocol. The non-monotonic
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and opposite changes of the Young’s modulus and nanoh-
ardness have been found. The pronounced non-linear (non-
Hookian) mechanism of the formation of strain response in
the films has been detected by the tests under irradiation
and this behavior has been described in terms of shear
transformation zone conception which assumes that the
heterogeneous (two-phase) structure of chalcogenide
glasses undergoes the modification with light. We have
shown that compositional trends in these modifications
are the highest for Se-enriched films (with As concentration
near 10%). We have confirmed our suggestions directly by
experiment with irradiation of the film surface by linearly
polarized light. A simple mechanical model was proposed
for explanation of the obtained results.

References

[1] M.L. Trunov, A.G. Anchugin, Pis’'ma Zh. Tekh. Fiz. 18
M.L. Trunov, A.G. Anchugin, Sov. Tech. Phys. Lett. 18
[2] M.L. Trunov, A.G. Anchugin, Pis’'ma Zh. Tekh. Fiz. 18
M.L. Trunov, A.G. Anchugin, Sov. Tech. Phys. Lett. 18
[3] M.L. Trunov, J. Non-Cryst. Solids 192&193 (1995) 431.
[4] H. Oyanagi, A. Kolobov, K. Tanaka, Phase Transit. 00 (2000) 1.

1992) 37;
1992) 14.
1992) 78;
1992) 158.

—_ e~

[5] H. Hisakuni, K. Tanaka, Science 270 (1995) 974.
[6] D.Th. Kastrissios, G.N. Papatheodorou, S.N. Yannopoulos, Phys.
Rev. B 64 (2001) 214203.
[7] N.G. Olson, C. Leung, X. Wang, Exp. Techniques 12 (2002) 51.
[8] W.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (1992) 1564.
[9] S. Suzuki, M. Takahashi, T. Kobayashi, J. Non-Cryst. Solids 46
(1981) 163.
[10] M.L. Trunov, V.S. Bilanich, Thin Solid Films 459 (2004) 228.
[11] M.L. Trunov, S.N. Dub, R.S. Shmegera, Tech. Phys. Lett. 31 (2005)
551.
[12] M.L. Trunov, S.N. Dub, R.S. Shmegera, Solid State Phenom. 115
(2006) 245.
[13] M.F. Thorpe, J. Non-Cryst. Solids 57 (1983) 355.
[14] A. Salminia, T. Galstyan, A. Villeneuve, Phys. Rev. Lett. 85 (2000)
4112.
[15] V. Bilanich, A.A. Gorvat, Glass Phys. Chem. 24 (1998) 595.
[16] M.L. Trunov, S.N. Dub, R.S. Shmegera, J. Optoelectron. Adv.
Mater. 7 (2005) 619.
[17] M.L. Trunov, S.N. Dub, Phys. Chem. Glasses: Eur. J. Glass Sci.
Technol. B 47 (2006) 244.
[18] M.L. Falk, J.S. Langer, Phys. Rev. E 57 (1988) 7192.
[19] E. Duval, J. Mermet, Phys. Rev. B 58 (1988) 8159.
[20] P. Krecmer, A.M. Moulin, R.J. Stephenson, T. Rayment, M.E.
Welland, S.R. Elliott, Science 277 (1996) 1799.
[21] M.L. Trunov, V.S. Bilanich, J. Optoelectron. Adv. Mater. 6 (2004)
157.



