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Abstract

'Cold" crystallization in 80GeSe,-20Ga,Ses chalcogenide glass nanostructurized due to thermal annealing at 380°C
for 10, 25, 50, 80, and 100 h are probed with X-ray diffraction, atomic force, and scanning electron microscopy, as
well as positron annihilation spectroscopy performed in positron annihilation lifetime and Doppler broadening of
annihilation line modes. It is shown that changes in defect-related component in the fit of experimental positron
lifetime spectra for nanocrystallized glasses testify in favor of structural fragmentation of larger free-volume entities
into smaller ones. Nanocrystallites of Ga,Ses and/or GeGasSeg phases and prevalent GeSe, phase extracted mainly
at the surface of thermally treated samples with preceding nucleation and void agglomeration in the initial stage of
annealing are characteristic features of cold crystallization.
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Background

The Se-based chalcogenide glasses (ChGs) possessing
good transparency in 0.8 to 16 pum spectral range are
widely used in optoelectronic systems exploring thermal
and optical imaging effects in both atmospheric telecom-
munication windows (3 to 5 and 8 to 12 um) [1,2]. They
also possess an excellent glass-forming ability, mechan-
ical and chemical stability, which makes them one of the
most unprecedented media for different IR fiber-optic
applications [3,4]. It is known that crystallization of such
ChG can improve their physical, mechanical, and ther-
mal properties considerably, but it is difficult to produce
IR-transmitting glass-ceramics properly because growing
crystals is generally out of control during heat treatment,
which makes the material opaque [5,6].

Such crystallization processes can be adequately studied
at the level of atomistic structural arrangement using
numerous experimental measuring techniques, such as IR
vibrational and Raman scattering spectroscopy, X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy, atomic
force microscopy (AFM) and scanning electron micros-
copy (SEM), nuclear magnetic resonance, etc. [7-12].
However, the row of experimental probes available to
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study atomic-deficient void structure of such materials is
rather limited, especially at nanometer and sub-nanometer
scale. One of the best techniques capable to identify such
finest free-volume voids is positron annihilation lifetime
(PAL) spectroscopy, the method grounded on physical
phenomenon of electron interaction with its antiparticle
(positron) in a matter [13-15]. In application to semicon-
ductor materials, this method is used to identify intrinsic
free volumes owing to simple models considering com-
petitive channels of positron trapping from delocalized
defect-free bulk states, deep ground states of positron
traps (extended free-volume defects), and decaying of
bounded positron-electron (positronium (Ps)) states
[13,16]. In the measuring mode of Doppler broadening of
annihilation line (DBAL), this technique allows additional
identification of dominant positron trapping sites in the
tested objects [13,17]. So, combined PAL-DBAL mea-
surements are expected to be useful to study atomic-
deficient void structure of solids affected by different
nanosctructurization treatments, in part those produ-
cing nanosized inhomogeneities like extractions of
segregated inner phases, nucleates, agglomerates, and
fragments of crystallites, vacancy clusters and free-
volume voids, etc.

In this work, we analyze evolution of free volume
in glassy 80GeSe,-20Ga,Se; caused by crystallization
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treatment at relatively low temperatures (so-called 'cold'
crystallization) using combined PAL-DBAL, as well as
XRD, AFM, and SEM measuring probes.

Methods

The ChG of 80GeSe,-20Ga,Se; composition was prepared
from melting mixture of highly pure raw materials (Ge,
Ga, and Se of 99.999% purity) in a sealed silica ampoule
kept under 107 Pa vacuum [5,18]. The ampoule of 9-mm
inner diameter was placed in a rocking furnace. The raw
materials were heated from 20 to 850°C using 2°C/min
rate and maintained at this temperature for 12 h at least.
Then, the silica tube was quenched in water, annealed at
30°C below glass transition temperature (7, =370°C) for
3 h to minimize inner strains, and slowly cooled down to
room temperature. The obtained glass rods were cut into
slices of 1 mm in thickness and polished for further
optical measurements.

The 'cold' crystallization of 80GeSe,-20Ga,Se; glass
was performed with a single step of thermal treatment
at (T, + 10)°C. This temperature was chosen as an opti-
mal one for ceramization allowing control simultaneous
nucleation and growth of nanoparticles within a glassy
matrix in dependence on heat treatment duration. Thus,
the glass samples were placed in a ventilated furnace for
different times varying from 10 to 100 h, the temperature
being kept with an accuracy of +2°C.

The PAL spectra were recorded with fast coincidence
system ORTEC of 230 ps resolution (the full width at half
maximum (FWHM) of a single Gaussian determined by
measuring *°Co isotope) at the temperature of T =22°C
and relative humidity of RH =35%, provided by special
climatic installation [18-20]. Two identical samples were
used to build a sandwich geometry needed for PAL mea-
surements. Two independent PAL experiments were as-
sembled with each sample of the same thermal prehistory,
the obtained results agreeing well with each other within
an experimental error bar. Each PAL spectrum was
measured with a channel width of 6.15 ps (the number of
channels was 8000) and contained no less than 10° coinci-
dences in total, which can be considered as conditions of
improved measurement statistics. The **Na isotope of
slight activity (approximately 50 kBq) prepared from aque-
ous solution of *NaCl wrapped by Kapton® foil of 12-ym
thickness and sealed was used as a source of positrons.

The measured PAL spectra were processed with LT 9.0
program [21]. In our previous work [18], we applied a
two-component fitting procedure to reconstruct the mea-
sured PAL spectra, this being achieved by corresponding
choice of source contribution (nearly 17% in short- and
2% in long-lived source components). The improved stat-
istical treatment in this research for a majority of the stud-
ied samples testifies that three-component unconstrained
fitting has an obvious preference in view of better
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goodness for PAL spectra accumulated under solely
source contribution (15% in short-lived source compo-
nent). Thus, the best results were obtained using three
discrete components with z;, 75, and 73 lifetimes and I;, I,
and I; intensities. Despite eventual channel of Ps decaying
(with only slight intensity not exceeding 3%) under such
treatment, this procedure did not introduce significant
changes in the positron trapping modes (e.g., average posi-
tron lifetimes 7,,, positron lifetime in defect-free bulk zy,
positron trapping rate in defects kg4, and fraction of
trapped positrons 7) calculated using a formalism of
two-state positron trapping model [13,14,18-25]. The
resulting inaccuracies in positron lifetimes 7 and inten-
sities / were +0.003 ns and +0.01 au, respectively, which
led to +0.01 ns™* error bar in positron trapping rate of
defects xg.

A strict analysis of positron annihilation inputs, how-
ever, strongly depends on correct understanding of
defect-free positron lifetime 7, nature, especially in case
of complicated compositional trends associated with sig-
nificant changes in the type of glass-forming structural
units [14]. Since general procedure of PAL spectra treat-
ment includes some uncertainties [26], the proper data
processing algorithm should be developed to unambigu-
ously compare physically real annihilation channels and
mathematically fitted components. Nevertheless, for the
present analysis, we have explored only a simplified
approach based on appropriate error analysis of PAL
data and background removal. In addition, the (7,-13,)
difference was accepted as size measure for extended
free-volume defects where positrons are trapped (in
terms of equivalent number of monovacancies), as well
as the 7,/7;, ratio was taken in a direct correlation to the
nature of these defects [13,14].

The experimental system used for DBAR measurements
was arranged like in the PAL geometry using high-purity
HP Ge detector with energy resolution of 1.54 at 511 keV.
The calibration of multichannel analyzer was performed
with set of standard radioactive sources having high-
resolved y-photopeaks: the *"*Pb isotope with y photo-
peaks at 24192 keV (FWHM =154 keV), 29521 keV
(FWHM =153 keV), 351.92 (FWHM =152 keV), and
*14Bj isotope having y-photopeak on the right hand from
the analyzed positron-electron annihilation line (511 keV)
at 609.31 keV (FWHM = 1.54 keV). The shape of 511-keV
annihilation line obtained for studied samples was ana-
lyzed by determining so-called S and W parameters [27].
The S parameter defined as a ratio of counts in the central
part to the total area of the annihilation line characterizes
annihilation of positrons with low-momentum valence
electrons in a sample (this parameter is sensitive to free-
volume defects). The W parameter defined as a ratio of
counts in the wing parts to the total area of the annihila-
tion line corresponds to annihilation of positrons with
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high-momentum core electrons (this parameter is more
sensitive to chemical surrounding at the annihilation site)
[28]. For Doppler broadening spectra, the energy range of
S-W parameterization was chosen from 502.29 to
519.71 keV (AE=17.42 keV), which corresponds to 260
channels, thus giving overall energetic resolution of
0.067 keV/channel. Two independent measurements con-
sisting of approximately 2 - 10° counts were performed for
each sample to reproduce the analyzed DBAL spectrum.
The relative errors in S and W parameters determined
under such measuring protocol (when studied samples af-
fected by different thermal treatments were removed from
apparatus during measurement or principally different
samples were probed) were 0.3 and 1.5%, respectively
[27,28]. Since S parameter was chosen to be near a
reference value of approximately 0.5 in DBAL measure-
ments [13,16,27,28], it could not be determined better
than +0.0015.

The XRD measurements with Cuk,; radiation were
performed to determine crystalline phases in the studied
samples. Solid-rock plates of powdered 80GeSe,-20Ga,Se;3
ChG deposited on amorphous substrate were prepared to
arrange experiments in optimal transmittance geometry.
The measured X-ray beam intensities and reflection angles
26 were obtained using automatic STOE STADI P dif-
fractometer (STOE & Cie GmbH, Darmstadt, Germany)
with a linear position-precision detector. Experimental lin-
ear absorption coefficients were determined as logarithmic
ratio of primary beam intensities after passing through
background and studied samples. All measurements were
conducted in 26-step regime, the profiles of peaks being
refined using WinPLOTR software [29].

The surface morphology of crystallized 80GeSe,-
20Ga,Se; ChG annealed for 80 h was studied by SEM
using a REMMA-102-02 microscope (SELMI, Sumy,
Ukraine). The scanning of sample surface was performed
by electron beam with energy of 15 and 20 kV and a diam-
eter of 5 nm in the secondary electron image regime. To
prevent charging during SEM cycling, the sample was cov-
ered by thin graphite layer transparent for electron beam.
In addition, the surface morphology of the glasses
annealed at 25 and 80 h was studied by means of Solver
P47-PRO AFM, the obtained images being processed with
image analysis program (NT-MDT).

Optical transmission spectra were measured by Shimadzu
UV-3600 spectrophotometer operated at room temperature
in a spectral region of 600 to 1600 nm.

Results and discussion

The results of XRD measurements for 80GeSe,-20Ga,Ses
glasses before and after thermal annealing at 380°C during
different time periods (for 10, 25, 50, 80, and 100 h) are
shown in Figure 1. As it was noted earlier [18,22], the an-
nealing at 380°C for 10 h does not change significantly the
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Figure 1 XRD patterns of 80GeSe,-20Ga,Se; glass before

annealing (0 h) and annealed at 380°C for 10, 25, 50, 80,
and 100 h.

Figure 2 AFM images of 80GeSe,-20Ga,Se; glass annealed at
380°C for 25 (a) and 80 (b) h.
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structure of the ChG, since no sharp crystalline features
appear in their XRD patterns apart from noticeable de-
crease in characteristic amorphous gallous. Therefore, we
can assume that even under this short-term heat treat-
ment, there are some transformations in the intrinsic
structure of ChG, which do not contribute directly to the
crystallization.
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With increasing annealing time from 10 to 25, 50 h and
further to 80 and 100 h, the well-pronounced crystalline
peaks at 26 ~ 28° appear (see Figure 1). The positions of
these peaks are in good agreement with GeGa,Seg and
Ga,Sez phase indexation [18], both phases having sharp
reflexes near 26~ 28°, which cannot be well separated
[30]. In fact, all principal XRD peaks of GeGa,Seg and
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Figure 3 SEM images of 80GeSe,-20Ga,Ses glass annealed at 380°C for 80 h.
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Ga,Se; phases coincide, so we consider them in crystal-
lized 80GeSe,-20Ga,Se; glass as signatures of both these
phases (Ga,Se; and GeGa,Seg). The width of this peak
(20 ~ 28°) confirms the presence of dispersed nanoparti-
cles in a glassy matrix in form of nanocrystalline inclu-
sions of 9 to 10 nm in sizes (determined in respect to the
Debay-Scherrer equation [31]) which is in good agreement
with previous results [1,6,32-34]. It should be underlined
that the height of this peak in glasses annealed at 80 and
100 h does not change essentially in comparison with
ChG treated at 50 h. Such behavior testifies in a favor of
saturated crystallization at longer durations of annealing.

The maxima associated with GeSe, phase appear on the
XRD patterns of thermally annealed 80GeSe,-20Ga,Ses
glass too [18], but (in contrast to [1]) they cannot be well
distinguished as separate crystalline peaks even for pro-
longed annealing. It means that GeSe, crystals appear only
in a small amount. However, after longer treatment (over
50 h), surface crystallization occurs more efficiently. To
better understand these processes, the ChG annealed for
25 and 80 h at 380°C were examined by AFM and SEM.
As shown in Figure 2a, crystallization of GeSe, phase in
samples annealed for 25 h begins on a surface. With
annealing increased to 80 h, the GeSe, crystals in form of
wires with 1- to 3-pm lengths are non-uniformly distrib-
uted on sample surface (see Figures 2b and 3).

The process of cold crystallization in 80GeSe,-20Ga,Se;
glasses influences their optical transmission spectra. The
non-annealed glassy samples show maximum optical
transmittance at the level of 65% (Figure 4). Annealing at
380°C decreases this transmittance and shifts optical trans-
mission edge in a long-wave side. The appearance of grow-
ing of GaySe; and GeGaySeg nanocrystals inside glassy
matrix induces light scattering at shorter wavelengths.
With increasing heat treatment to 80 and 100 h, the
crystallization of GeSe, on glass surface provokes decrease
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Figure 4 Transmission in the near-IR for 80GeSe,-20Ga,Se;
glass after different heat treatment times at 380°C.
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Table 1 Fitting parameters for PAL spectra of 80GeSe,-
20Ga,Ses glasses before and after thermal annealing

Treatment Fitting parameters

conditions TuNs  lhuya % TNns by, % T3, NS I3, %
Untreated, 0h 0209 0610 0426 0360 1967  0.030

380°C, 10 h 0214 0.618 0428 0.351 2.059 0.031

380°C, 25 h 0.215 0.633 0432 0337 2038 0.030

380°C, 50 h 0210 0605 0424 0365 2159 0030

380°C, 80 h 0.208 0.580 0415 0.389 2.131 0.031

380°C, 100 h 0.206 0.553 0403 0416 1.988 0.031

in optical transmittance. Generally, this phenomenon
shows the presence of large crystals that deteriorate optical
transparency of the material rapidly, leading progressively
to its whole opacity in IR range [1]. It can be concluded
that large GeSe, crystallites are precipitated on the surface
of glasses crystallized for a long time. The sizes of inner
Ga,Se; and GeGaySeg nanocrystallites are much smaller
than those of GeSe, crystals on the surface and do not
change with heat treatment above 50 h. It means that new
Ga,Se; and GeGaySeg nanocrystallites do not appear in a
bulk under prolonged annealing, while void fragmentation
further proceeds in thermally-relaxed glassy matrix.
Therefore, significant changes in the atomistic structure
of 80GeSe,-20Ga,Se; glasses from disordered amorphous
to crystallized one are accompanied by corresponding
transformations in the atomic-deficient void structure, the
latter being defined by modifications in a void geometry
[28]. The results of combined PAL-DBAL measurements
below confirm such diversity of void evolution processes
in the studied glasses. Best-fit positron trapping parame-
ters along with error bars of three-component fitting
parameters and corresponding positron trapping modes
for PAL spectra of 80GeSe,-20Ga,Se; glasses are given in
Tables 1 and 2, respectively. Assuming two-state positron
trapping model for ChG [13,14,16], two components in
the fit of experimental PAL spectra can be associated with
annihilation from defect-free bulk states and one type of
positron-trapping defects. The 7, lifetime is directly

Table 2 Positron trapping modes for PAL spectra of
80GeSe,-20Ga,Se; glasses before and after thermal
annealing

Treatment Positron trapping modes

conditions Taw NS Tp, NS Ky, NS  To-Tp, NS T/Ty, N
Untreated, 0 h 0.290 0.258 091 0.17 1.65 0.19
380°C, 10 h 0291 0261 0.84 0.17 164 018
380°C, 25 h 0.291 0.261 0.82 0.17 1.66 0.18
380°C, 50 h 0.292 0.260 0.92 0.16 1.63 0.19
380°C, 80 h 0283 0.260 0.96 0.16 160 020
380°C, 100 h 0.291 0.261 1.03 0.14 1.54 0.21
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related to size of free-volume entities (trapping centers),
and intensity I, is proportional to the number of such 'de-
fects' under condition of the same defect-free bulk annihi-
lation lifetime [14,25]. The third (73, I3) component (73, I3)
in the envelope of the fitting curves corresponds to Ps
formation on level of 3%. So, we will focus our further
analysis on the second (75, I,) component alone.

In order to clarify a correlation of the measured posi-
tron lifetimes with crystallization behavior and void
formation in 80GeSe,-20Ga,Se; glass as result of ther-
mal annealing, the parameters of defect-related compo-
nent (first of all, the positron trapping rate in defects xy)
are plotted as a function of thermal annealing time
(Figure 5). With increase in the annealing duration to 10
and 25 h, the lifetime 7, increases and I, intensity de-
creases due to void expansion and agglomeration. This
trend correspondingly reduces the positron trapping rate
Kq without significant changes in 7,, and 7, lifetimes.
With further annealing duration proceeding to 50, 80,
and 100 h, the I, intensity ceases to increase, while
lifetime 7, appreciably decreases to 0.424, 0.415, and
0.403 ns, respectively. These changes result in increased
positron trapping rate kg Other positron trapping
parameters such as 7,/7, and # behave under annealing
in a line with these changes (Table 2), but (7,-1},) differ-
ence, which can be accepted as a size measure for ex-
tended free-volume defects where positrons are trapped
[13], decreases with annealing duration. The fraction of
trapped positrons # decreases in the initial stage of treat-
ment to 25 h and increases at further annealing from 50
to 100 h.

During crystallization, the glass structure relaxes to-
wards more thermodynamically favorable state, which can
be characterized by gain in configurational entropy,
enthalpy, or free volume [14]. It means that existing free-
volume voids can be essentially transformed under this
process, giving a resulting shrinkage in the atomic struc-
ture. The fragmentation of larger free-volume entities into
smaller ones occurs like as during natural physical ageing
[35-37]. Such process is accompanied by decrease in 7,
lifetime and corresponding increase in I, intensity.

In contrast to the above fitting PAL parameters (13, [,
7o, I), the changes in the positron trapping rate of free-
volume defects xq are more pronounced, especially at
longer annealing durations, when specific fragmentation
reveals decrease in dimensions of these defects accom-
panied by simultaneous increase in their amount (see
Table 2 and Figure 5). In principle, these changes in xq
can be caused by charge state of trapping centers too
[15]. However, the constant 7,/7, ratio close to 1.6 for
all ChG samples, despite their treatment duration, testi-
fied that corresponding positron-trapping centers are
rather of the same type, being most probably as large as
di- or tri-atomic vacancies [18].
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defects as a function of annealing time in 80GeSe,-20Ga,Se; glass.
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These findings are well supported by the results of
DBAL measurements presented in the form of S-W
correlation plot in Figure 6. It is shown that all points
on this plot are grouped along nearly the same straight
line trajectory tending from initial glass (with atomic
density of p =4.352 g/cm®) to partially crystallized one
annealed at 25 h (p =4.472 g/cm®) in the direction of
reduced S and enhanced W parameters. Such behavior
corresponds to a so-called normal tendency in the S-W
evolution [28], when overall free volume of positron
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Figure 6 S-W correlation plot obtained with DBAR technique for 80GeSe,-20Ga,Se; glass.

trapping voids is mainly responsible for atomic density
of the samples. Normal tendency in x4-p correlation re-
flects void agglomeration in the initial stage of thermal
annealing for 10 and 25 h. By accepting that defect-free
bulk positron lifetime 7, is almost not affected by
crystallization in these glasses (as it really follows from
Table 2), this result speaks in favor of unchanged nature
of corresponding free-volume voids responsible for posi-
tron trapping, when only concentration of these traps is
a subject to most significant changes. At further anneal-
ing of 80GeSe,-20Ga,Se; ChG for 50, 80, and 100 h, the
S-W evolution changes to a so-called abnormal tendency in
Kq-p correlation reflecting the process of void fragmentation
(the exception constitutes only the sample annealed for
100 h because of possible macroscopic imperfections).

Thus, nearly the same 7;, and 7, values are characteristic
for all ChG samples, while the positron trapping rate in ex-
tended defects x4 increases with nucleation of crystallized
phases and decreases with further crystallization (Table 2).
It means that the same type of free-volume voids governs
positron annihilation in the studied glasses affected to cold
crystallization. The crystal growth is accompanied by
network shrinkage of 80GeSe,-20Ga,Se; glass, the agglom-
eration of free-volume voids occurring more rapidly than
their appearance due to mismatch between growing crys-
tallites and remainder of the glass matrix.

Conclusions

Cold crystallization behavior of 80GeSe,-20Ga,Se; glasses
during annealing at 380°C for 10, 25, 50, 80, and
100 h indicates the formation of GeGasSeg and Ga,Ses
crystallizes in nanoparticle form in the inner structure of
these glasses. The accompanying crystallization of GeSe,

phase is mainly a surface-related phenomenon for pro-
longed heat treatments. The continuing crystal evolution
with duration of thermal annealing is revealed by decrease
in optical transmittance and long-wave shift in optical
transmission edge of the studied glasses. The cold
crystallization is shown to be associated with specific frag-
mentation of larger free-volume entities (acting as posi-
tron trapping voids) into a greater number of smaller
ones. This process can be presented as abnormal tendency
in the correlation between positron trapping rate x4 in de-
fects and atomic density of the crystallized material p. The
initiating stage of the crystallization occurring under 10
and 25 h annealing has an opposite nature, demonstrating
a preferential crystallites nucleation and agglomeration of
related voids with normal tendency in xq-p correlation.
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