Chapter 36

Influence of Free Volumes on Functional
Properties of Modified Chalcogenide Glasses
and Oxide Ceramics

H. Klym, O. Shpotyuk, A. Ingram, L. Calvez, I. Hadzaman, Yu. Kostiv,
A. Ivanusa, and D. Chalyy

36.1 Introduction

An important area of electronic technology is the use of physical phenomena on
nano- and subnanometer levels of structural organization of functional materials
[1-3]. Transformation to these levels is achieved due to nanostructurization, i.e.,
formation of nanoobjects with the individual components (atoms or molecules) by
their agglomeration or massive dissociation into individual components [4, 5]. In the
case of disordered solids with full or partial absence of atomic structural correlations
and excess free-volume configuration entropy or enthalpy, these processes occur in
transformation of atom and void structures.
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From the standpoint of modern electronic technology, structural disordering is
the basis of efficient and controlled process of obtaining various functional materials
and flexible management of their functional properties due to reliable, efficient, and
predictable physical and technological modifications, the possibility of additional
pre- and post-process optimization processes [6—8]. Typical representatives of such
materials are glasses and ceramics [9-12]. The structural disordering of these
materials is impossible without the stabilization process of inner free volume.
In addition, their functionality is closely related to nanostructurization under
technological modifications and external factors.

An important role is void structure in chalcogenide glasses (ChG) which have a
network structure with saturated covalent chemical bonds [13, 14]. Modern chalco-
genide photonics [15] requires modification of disordered materials to ensure their
functionality in a wide spectral range, which covers the area in both IR atmospheric
windows and space telecommunications window [16]. Such modification of ChG
is performed by injection of addition components (halide, metal activators, rare
earth ions, etc.) into base matrix that destroy their network structure making local
heterogeneity at nanolevel [17, 18]. This process is accompanied by not only the
evolution of the atomic subsystem of glass materials but also the relevant changes in
inner free-volume structure. Such modifications are characteristic for glass-ceramics
due to process of controlled ceramization (i.e., formation of the inner structure of
grains, pores, and grain boundaries) and functional ceramics for temperature- and
umidity-sensitive elements [19, 20]. The main feature that combines ChG and oxide
ceramics is disordering caused by nanostructurization of their inner free volumes.

The aim of this work is the investigation of inner free-volume structure and
functional properties of row functional materials (chalcogenide GeSe,-Ga,Se; and
GeS;-Ga,S3-CsCl glasses as well as oxide Cug 4Cog 4Nig4Mn; 04 and MgO-Al, 03
ceramics) caused by their modifications.

36.2 Preparation of Glasses and Ceramics

The 80GeSe,-20Ga,Se; chalcogenide glasses were prepared from highly pure raw
materials Ge, Ga, and Se (99.999%) [18, 21, 22]. The materials were heated from
20 to 850 °C using 2 °C/min rate. Then, the silica tube was quenched in water
at room temperature, annealed at 30 °C below the glass transition temperature
(Ty = 370 °C) for 3 h, and finally slowly cooled down to room temperature
[18]. The crystallization of the 80GeSe,-20Ga,;Se; ChG was performed at optimal
temperature of ceramization (7, + 10 °C) [21-23]. Thus, glass samples were placed
in a ventilated furnace where the accuracy of temperature is +2 °C for 25 and
50 h.

The GeS;-Ga, S3-CsCl ChG were sintered from Ge, Ga, S, and CsCl compounds,
as described in details elsewhere [24-26]. The glass transition temperatures 7, are
442 and 396 °C for (80GeS,-20Ga;S3)100 — x(CsCl),, x = 0 and x = 10 glasses,
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respectively [24, 26]. The obtained (80GeS,-20Ga;S3)100(CsCl)y and (80GeS;-
20Ga;S3)90(CsCl) ;o glasses are referred as (CsCl)y and (CsCl)g, respectively.

The Cug NiggCop,Mn; 9O, ceramics were prepared from high purity carbonate
salts [27-29]. The mixture was thermally decomposed in the air at 700 & 5 °C
for 4 h. The prepared blanks were sintered in the air with respect to special
time-temperature regimes, as described in details elsewhere [30-32]. It should
be noted that the sintering route of ceramics was performed to ensure necessary
conditions for inhibition effect in degradation [29, 33], the content of additional
NiO phase with NaCl-type structure having decisive role in the final ceramics
structure. The Cugp NipgCogrMn; 9O, ceramics with 1% and 8% NiO phase were
prepared owing to different amounts of thermal energy transferred during the
sintering [27, 29].

The MgO-Al,03 ceramics were sintered at maximal temperature (75) 1300 °C
for 2 h, as it was described elsewhere [34-36]. With respect to X-ray diffraction
measurements [36], the ceramics contain main spinel and additional MgO (3.5%)
phases.

36.3 Experimental Details

The PAL spectra for ChG and oxide ceramics were measured using ORTEC
system of 230 ps resolution at the temperature 7 = 22 °C and relative humidity
RH = 35% [21, 22, 35, 37]. For MgO-Al,O3 ceramics, PAL measurements were
performed after initial drying, 7 days of water exposure (water vapor in desiccator
at RH = 100%), and further final drying in a vacuum at 120 °C for 4 h [35]. Isotope
22Na of slow activity (~50 kBq) sandwiched between two identical tested samples
was used as a source of positrons.

Each spectrum was measured with a channel width of 6.15 ps (the total number
of channels was 8000) and contained at least ~10° coincidences in a total, which
can be considered as conditions of normal PAL measurement statistics. To obtain
data on longest-lived PAL components for MgO-Al,O3 ceramics, these ceramics
were studied within a channel width of 61.5 ps [35]. The measured PAL spectra of
glasses and ceramics were processed with standard LT 9.0 computer program [38].
The obtained curves were fitted by two components with lifetimes 7, and 7, and
intensities /; and I, for Cug,NipgCop,Mn; ¢O4 ceramics [39]; by three components
with lifetimes t, 7,, and intensities 73 and I;, I,, and I3 for 80GeSe,-20Ga,Se;
and (80GeS;-20Ga;S3)100(CsCl)g (x = 0 and x = 10) glasses [22, 25, 26]; and by
four components with lifetimes ¢y, 75, 73, and 74 and intensities I}, I, I3, and 14 for
MgO-Al, O3 ceramics [34, 35].

The positron trapping modes in the studied samples such as average positron
lifetimes t,y, positron lifetime in defect-free bulk ty, positron trapping rate in
defects x4, and fraction of trapped positrons 1 (for 80GeSe,-20Ga;Se; glasses) were
calculated using a formalism of two-state trapping model [21, 40, 41].
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Optical transmission spectra of ChG were measured by Shimadzu UV-3600
spectrophotometer operated at room temperature in the visible and near-IR spectral
region [21, 26, 42].

The humidity sensitivity of MgO-Al,O3 ceramics was determined by dependence
of electrical resistance R on relative humidity RH of environment. The electrical
resistance of the studied spinel ceramics was measured in the heat and humidity
chamber PR-3E “TABAI” at 20 °C for RH in range 31-96% [34, 36]. The
electrodes were attached to the connecting cables of M ohmmeter working at the
fixed frequency of 500 Hz. The maximal overall uncertainties in the electrical
measurements did not exceed approximately +(0.02-0.04) MOhm in electrical
resistance. The confidence interval in RH measuring bar restricted by equipment
accuracy was no worse than +1% [36].

The degradation tests for Cug NiggCog,Mn; 9O, ceramics were performed at
temperature of 170 °C lasting defined time intervals (within 10 time domains from
24 to 500 h) [27, 29, 33]. The results of aging tests were controlled by relative
resistance drift (RRD) defined as changes in electrical resistance AR/Ry measured
in the normal conditions (near 25 °C and 35% of relative humidity) using digital
multimeter. The confidence interval in the RRD measuring error bar restricted by
equipment inaccuracy was no worse than +0.2%. The maximal overall uncertainties
in the electrical measurements did not exceed approximately £(0.4-0.5)% [27].

36.4 Results and Discussion

36.4.1 The Ge-Ga-Se Glasses Modified by Crystallization
Process

With respect to XRD data, as it was noted earlier [21, 22], with increasing annealing
time to 25 and 50 h at 380 °C, the well-pronounced crystalline peaks at 26 ~ 28°
appear. The positions of these peaks are in agreement with GeGaySeg and Ga,Ses
phase indexation [22]. In fact, all principal XRD peaks of GeGasSeg and Ga,Se;
phases coincide, so we consider them in crystallized 80GeSe,-20Ga,Ses glass as
signatures of both these phases (Ga,Se; and GeGasSeg). The width of this peak
(26 ~ 28°) confirms the presence of nanoparticles in a glassy matrix in the form of
nanocrystallites with 9-10 nm in sizes [21].

The changes in the atomistic structure of 80GeSe;-20Ga,Se; ChG from amor-
phous to crystallized one are accompanied by transformations in the void structure.
The results of PAL measurements confirm such diversity of void evolution processes
in the studied glasses. Fitting parameters and corresponding positron trapping
modes for PAL spectra of 80GeSe,-20Ga,Ses glasses are given in Table 36.1. As
was described earlier in [22], the first component (7, /;) has no physical meaning
for chalcogenide glasses. With respect to two-state positron trapping model for ChG
[40], the 7, lifetime is directly related to the size of free volumes (trapping centers),
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Table 36.1 Fitting parameters and positron trapping modes for PAL spectra of 80GeSe,-
20Ga,Se; glasses before (0 h) and after (25 h and 50 h) thermal annealing

Annealing duration Fitting parameters

71, NS 1, % T, NS L, % T3, NS I;, %
Oh 0.209 0.610 0.426 0.360 1.967 0.030
25h 0.215 0.633 0.432 0.337 2.038 0.030
50 h 0.210 0.605 0.424 0.365 2.159 0.030
Annealing duration Positron trapping modes

Tav., NS Tp, NS Kd, NS Ty— Tp, NS T2/Th n
Oh 0.290 0.258 0.91 0.17 1.65 0.19
25h 0.291 0.261 0.82 0.17 1.66 0.18
50h 0.292 0.260 0.92 0.16 1.63 0.19

25h void 50 h

agglomeration

Fig. 36.1 Schematic illustration of free-volume void fragmentation during crystallization process
in the 80GeSe;-20Ga, Se; chalcogenide glasses caused by annealing from 25 to 50 h

and intensity I, is proportional to the number of such defects under condition of
the same defect-free bulk annihilation lifetime. The third component (t3, I3) in the
fitting curves corresponds to ortho-positronium o-Ps formation on level of 3%.

With extending the annealing duration to 25 h, the lifetime 7, increases, and
I, intensity decreases due to void agglomeration. This trend reduces the positron
trapping rate k4 without significant changes in t,, and 1y, lifetimes. With further
extension of annealing duration to 50 h, the /, intensity increases, while lifetime 7,
decreases to 0.424 ns. These changes result in increased positron trapping rate «g.
Other positron trapping parameters such as 7,/7, and 7 behave under annealing in
line with these changes (Table 36.1). The fraction of trapped positrons 1 decreases
in the initial stage of treatment to 25 h and increases at further annealing to 50 h.

During the crystallization process at annealing for 50 h, the glass structure
relaxes toward more thermodynamically favorable state [22, 43]. It means that free-
volume nanovoids can be essentially transformed in this process. In the case of
the studied ChG, the fragmentation of larger free-volume entities into smaller ones
occurs (Fig. 36.1). Such process is accompanied by a decrease in t, lifetime and a
corresponding increase in /, intensity.
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Fig. 36.2 Optical transmission spectra for 80GeSe,-20Ga;Se; glass before (0 h) and after heat
treatment times at 380 °C during 25 and 50 h

Thus, nearly the same 1y, and t,, values are characteristic for all ChG samples,
while the positron trapping rate in extended defects «4 decreases with nucleation of
crystallized phases (annealing for 25 h) and increases with crystallization (annealing
at 50 h). The crystal growth is accompanied by network shrinkage of 80GeSe,-
20Ga,Se; glass, the agglomeration of free-volume voids occurring more rapidly
than their appearance due to mismatch between growing crystallites and remainder
of the glass matrix [21, 22].

The process of crystallization in the 80GeSe,-20Ga;Ses glasses influences their
functionality, i.e., optical transmission spectra. The non-annealed glassy samples
(0 h) show maximum optical transmittance at the level of 65% (Fig. 36.2).
Annealing at 380 °C for 25 and 50 h decreases this transmittance and shifts optical
transmission edge toward long-wave side. The appearance of growing of Ga,Se;
and GeGaySeg nanocrystals inside glassy matrix induces light scattering at shorter
wavelengths [21].

36.4.2 The Ge-Ga-S Glasses Modified by CsCIl Additives

Fitting parameters and positron trapping modes calculated within three-component
fitting procedure for PAL spectra of (80GeS;-20Ga;S3)1090— x(CsCl),, (0 = 0,
x = 10) glasses are given in Table 36.2. As was shown previously, the 7, lifetime
shows the size of free voids where positrons are trapped, and the intensity I, is
proportional to the number of these voids. The positronium trapping in the third
component (t3, I3) is estimated at the level of 1-3% [16, 25, 26]. We analyze the
PAL results with respect to the second defect-related component (75, ) reflecting
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Table 36.2 Fitting parameters and positron trapping modes for PAL spectra of (80GeS;-
20Ga;S3)100 — x(CsCl),, (0 = 0, x = 10) glasses

Fitting parameters Positron trapping modes
Sample t1,ns |I,au. |ty,ns | ,au. |t3,ns |[3,au. | T,,ns [Ty, NS | Kq, ns~!
(CsCl)p 10.201 |0.581 0.426 |0.387 1.958 10.032 |0.310 0.279 10.59

(CsClyp | 0.249 0.696 0.499 |0.290 |2.029 [0.014 |0.313 |0.282 |0.73

(CSCDO void (CSCI)IQ

agglomeration

O- voids @- CsCl

Fig. 36.3 Schematic illustration of free-volume void agglomeration in (80GeS;-
20Ga;S3)100 — x(CsCl),, (0 = 0, x = 10) glasses

evolution of voids in GeS;-Ga,;S3-CsCl ChG caused by CsCl presence in the glass
matrix. These nanovoids have the same meaning as atomic vacancies [23].

Thus, the lifetime 7, increases from 0.426 ns for (CsCl)y to 0.499 for (CsCl)g
ChG samples, while the intensity /; decreases (Table 36.2). Consequently, positron
trapping rate k4 correlates with 7, and I, parameters and decreases due to the
drop of the intensity I,. Such changes of PAL parameters describe the agglom-
eration of free-volume nanovoids in the inner structure of ChG (Fig. 36.3). The
positron trapping rate in defects k4 increases from 0.59 ns~! for (CsCl)y to
0.73 ns™! in (CsCl);9, and the density p of these glasses also increases with CsCl
content [25, 26].

The CsCl additives in the base GeS,-Ga,S; glassy matrix have influence on their
optical transmission spectra. The transmission in the visible region of spectra for
studied ChG is shown in Fig. 36.4.

The (CsCl)y samples are essentially transparent down to 500 nm, and CsCl
content in the glassy matrix results in the shift of the absorption edge toward shorter
wavelengths (similar effect is described in [24, 25, 44]). The transmission increases
with CsCl from 77% in CsCly to 83% in CsCl;y. From a structural point of view,
the addition of CsCl in GeS,-Ga,S; glasses is characterized by the formation of
GaS,_Cl tetrahedra that are dispersed in the glass network [24]. So, the average
number of Ga-S bonds decreases for the benefit of the average number of Ga-Cl
bonds.
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Fig. 36.4 Optical transmission spectra of (80GeS,-20Ga,S3)100 — x(CsCl), (x = 0 and x = 10)
chalcogenide glasses

Table 36.3 Fitting parameters and positron trapping modes for PAL spectra of
Cu 4Co4Nip4Mn; §O4 ceramics mathematically treated within two-component fitting procedure

Fitting parameters Positron trapping modes
NiO amount 71,08 I, a.u. T, NS b, a.u. Tay., NS Tp, NS kg, ns~ !
1% NiO 0.19 0.82 0.38 0.18 0.23 0.21 0.48
8% NiO 0.17 0.79 0.36 0.21 0.21 0.19 0.62

36.4.3 The CuyNiysCopMnj 904 Ceramics Modified by NiO
Phase

As was shown previously in [39], for oxide spinel-type ceramic materials, the first
component of spectra was connected with main spinel structure and the second one
with extended defects located near grain boundaries in the vicinity of additional
extracted phases. The intensity I; corresponds to the amounts of the main spinel
phase, while the I, intensity to the amount of additional NiO phase near grain
boundaries.

The lifetime of the first and second components for Cug NiggCoprMn; Oy
ceramics is typical for spinel-structured materials and equals 0.38 ns (Table 36.3).
The lower 7, value in ceramics with 1% NiO (0.17 ns) is well correlated with
this NiO content in different crystallographical positions. Since the amount of
grain/pores in these samples was larger [45], the process of positron trapping in
these ceramics was more intensive (the positron trapping rate of defects increased
from 0.48 to 0.62 ns™!).
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The intensity of the second component for ceramics with 1% NiO is 0.18 a.u.
This additional NiO phase is localized near grain boundaries and partly fills pores
[45]. Then the intensity I, increases to 0.21 a.u. correspondingly to the increasing
amount of NiO phase near grain boundaries and the size of defects increases (7,
reduces from 0.38 to 0.36 ns). These transformations were in good agreement with
positron trapping parameters. Nevertheless, there were no significant changes in
T,y and Ty, parameters. In all cases, the same type of positron trapping center is
formed [46].

The changes in microstructure of Cug NipgCog,Mn; 9O, ceramics are reflected
in their stability in time (electronic relaxation kinetics). Kinetic curves illustrating
the RRD defined by AR/R, values in Cug NiggCop,Mn; ¢O4 ceramics with 1% and
8% NiO phase are shown in Fig. 36.5.

> 1% NiO ]
O T T T T T T T T T T T
0 100 200 300 400 500
t, hours
6 T T T T T

8 % NiO |

0 100 200 300 400 500
t, hours

Fig. 36.5 The RRD (AR/Ry) in CugNiggCop,Mn; 904 ceramics (a — 1% NiO; b — 8% NiO)
caused by prolonged storage at 170 °C (with error bar data)
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The ceramic samples with 1% NiO phase are characterized by the largest value of
RRD reaching more than 30% (Fig. 36.5a). With the increase in the amount of NiO
phase to 8%, the saturated RRD value decreased to 4.3% (Fig. 36.5b). Obviously,
increasing of NiO amount is needed for stabilization of electrical parameters of
these ceramics.

36.4.4 Water Vapor Sorption Processes in the MgO-Al,0;
Ceramics

As it was shown earlier [34-36, 47], the positron annihilation in humidity-
sensitive MgO-Al,O3 ceramics is revealed through two different channels related
to positron trapping (component with lifetime 7,) and o-Ps decaying (two long-
lived components with t3 and 74 lifetimes). The first component with parameters
71 and I reflects mainly microstructure specificity of spinel ceramics along with
input from annihilation of para-Ps atoms [34]. The lifetime 7, is related to the
size of free-volume nanodefects near grain boundaries, and I intensity reflects their
amount [41]. The third and the fourth components (t3, I3) and (z4, I4) correspond
to annihilation of 0-Ps in intrinsic nanopores of MgO-Al,O3 ceramics [35, 48].

PAL parameters obtained within four-component treatment of the PAL spectra
of initial, water-vapored, and dried MgO-Al,03 ceramics sintered at 1300 °C are
shown in Table 36.4.

Decreasing the lifetime 7, in water-vapored MgO-Al, O3 ceramics and increasing
their intensity I, show intensification of positron trapping in defects near grain
boundaries filled with water. After drying, the intensities I, almost completely
return to the initial values (characteristic for initially dry samples). Thus, the water
adsorption processes in MgO-Al,O3 ceramics are accompanied by fragmentation of
positron trapping sites near grain boundaries, and, respectively, the water desorption
processes are accompanied by agglomeration of free-volume voids.

Table 36.4 Fitting parameters and positron trapping modes for PAL spectra of MgO-Al,03
ceramics sintered at 1300 °C obtained from four-component procedure

Fitting parameters

Sample T1,ns | Ij,au. |to,ns | ,au. |13,ns |3, au. | 74,08 I, a.u.
Initial 0.155 |0.82 0414 |0.16 2.426 |0.008 68.74 0.014
Water vapor | 0.161 | 0.76 0.400 |0.21 2.619 |0.018 58.33 0.007
Drying 0.156 | 0.82 0.421 |0.15 2.448 | 0.007 68.17 0.014

Positron trapping modes Pore radius

Tay., NS Ty, NS Kq,ns~! R3;,nm | R4, nm
Initial 0.197 0.17 0.66 0.325 1.818
Water vapor | 0.213 0.19 0.80 0.340 1.630

Drying 0.198 0.17 0.63 0.327 1.807
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Water vapor sorption processes in the studied MgO-Al,O3 ceramics result in
essential evolution of the third and fourth o-Ps-related components. The intensity
I increases in initially dry samples after water vapor exposure, thus confirming
o-Ps annihilation in water-filled nanopores through a “bubble” mechanism (with
corresponding o-Ps lifetime close to 1.8 ns) [49-51]. After drying, the intensities
of the third and fourth components return to the initial value, confirming high
efficiency of water adsorption-desorption processes. The intensity I, decreases in
water vapor exposed ceramics samples. After drying (in a vacuum at 120 °C for 4 h)
of the ceramic samples previously exposed to water vapor, the initial pore size tends
to be restored (Table 36.4).

Additionally, the radii R3 and R4 of spherical nanopores were calculated using o-
Ps-related t3 and 74 lifetimes in known Tao-Eldrup model [52, 53]. The decreased
74 value for ceramics dried after water vapor exposure can be connected with
formation of thin layers of water molecules covering the walls of pores with radii
of 1.8 nm, which are not completely removed after vacuum annealing at 120 °C
for 4 h.

Changes caused by inner nanoporous structure of MgO-Al,O3; ceramics were
reflected in their humidity sensitivity. In spite of a small amount of transporting
pores [34, 36, 53], ceramics are characterized by linear dependence of electrical
resistance R vs. RH in the entire studied region (from 30% to 98% of RH)
without significant hysteresis in absorption-desorption cycles (Fig. 36.6). Humidity
sensitivity of ceramics sintered at 1300 °C results in increased amount of open
water-exchange outside-delivering macropores [36]. They provide efficient sorption
processes of water through small amount of communication mesopores.
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o 100 4 i
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-
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S 10 adsorption E
=
2
=102 4 i
§ 10 —l— adsorption
= —@— desorption

10_3 T T T T T T T T T T T T T T

20 30 40 50 60 70 80 90 100

Relative humidity RH,%

Fig. 36.6 Exploitation properties of MgO-Al,O3 ceramics sintered at 1300 °C in absorption-
desorption cycle
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36.5 Conclusions

Influences of inner free-volume structure on the functional properties of
chalcogenide GeSe,-Ga,Se; and GeS;-Ga,S;-CsCl glasses as well as oxide
Cuo4Co04Nig4Mn; gO4 and MgO-Al,O3 ceramics caused by their different
modifications are investigated.

In the case of 80GeSe;-20Ga,Se; glasses, it was shown that crystallization
process during annealing at 380 °C for 25 and 50 h indicates specific fragmentation
of larger free-volume nanovoids into a greater number of smaller ones. Annealing at
380 °C for 25 and 50 h results in the decreasing of transmittance and shifts optical
transmission edge toward long-wavelength region.

For GeS,-Ga,S;3-CsCl ChG, it is established that CsCl additives transform free
volume (void agglomeration in ChG with 10% mol. of CsCl) and optical properties
of glass matrix. The shift of the absorption edge toward shorter wavelengths is
observed in Ge-Ga-S ChG with CsCl content.

In CugNiggCop,Mn; 904 ceramics with 8% of NiO phase addition, positron
trapping defects (or free volumes) near grain boundaries are formed. The
character of thermally induced electronic degradation in structurally modified
Cuyg.1NipgCop,Mn; 9Oy ceramics shows stretched exponential behavior.

In modified MgO-Al,O3 ceramics sintered at 1300 °C, it is shown that drying of
ceramics in vacuum at 120 °C previously exposed to water vapor does not restore
initial pore size, confirming sensitivity of PAL method to amount of water molecules
adsorbed in nanopores. The water vapor modifies defects in ceramics located near
grain boundaries, and this process is accompanied by void fragmentation at water
adsorption with further void agglomeration at water desorption after drying. Using
lifetimes of the third and fourth components of PAL spectra, the radii of nanopores
were calculated using Tao-Eldrup model. The MgO-Al,0O3 ceramics sintered at
1300 °C are humidity sensitive from 30% to 98% of RH.
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