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NANOSTRUCTURAL VOIDSIN GLASSY-LIKE ASes
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Nanostructural voids in glassy-like As,Se; have been studied using X-ray diffraction in
respect to the first sharp diffraction peak (FSDP-related XRD) within well-known Elliott’s
void-based model for the origin of the FSDP and positron annihilation lifetime spectroscopy
(PALS). A good agreement between experimental data and theoretical ones obtained within
Popescu’s model for nanovoid distribution in glass structural network has been observed.
The empirica relaionship between the position of the FSDP and diameter of nanovoids has
been established for the investigated layer-like type cha cogenide glass for the first time. The
perspectives in using of FSDP-related XRD along with PALS for research of nanoscale
void-species structure in network chal cogenide glasses have been demonstrated.
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1. Introduction

Despite recent progress in practical application of cha cogenide glasses in various fieds of
modern optod ectronics [1-5], their structural features and, consequently, physical properties need
still more understanding and detail research. It is connected, first of al, that ChG with essential
excess of free volume in comparison to thermodynamic equilibrium crystals (see Fig. 1), aong with
atomic species structure, are characterized by void-species one (interna structural nanovoids),
formed technol ogically during melt quenching procedure.
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Fig. 1. T(V) diagram showing excess of free volume (AV) for glass in comparison with

thermodynamic equilibrium crystal of the same chemical composition (T, — glass transition
temperature, T, — melting point).
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Indeed, a number of works [6-10] confirm a key role of free volume in structural changes
stimulated by externa influences (pressure, photoexposure, radiation, etc.). To date, however,
researchers operate by only parameters of free volume, such as, for instance, compactness of glass
structure 8[7,8] which is a measure of free volume, whereas the information concerning topol ogical
features and size of hanovoids which form the free volume in ChG network remains still open.

In terms of S.R. Elliott [11], atomic-species structure in ChG on the level of the nearest
inter-atomic correl ations (so-called nanoscal e or nanostructural leve) is described by (i) short-range
order (ShRO) in atomic arrangement ([J0.2-0.5 nm), defined via coordination number for the chosen
central atom, average covalent bond distances and Debye-Waller disorder factors for the first and dll
following coordination shells, main types of structurd units in a glassy-like network, etc.; (ii)
medium-range order (MRO) in atomic arrangement, three sub-levels being distinguished in
dependence on inter-atomic length scale near-MRO (0.5 nm) in connection between individual
coordination polyhedra (corner-, edge- or face-sharing structural units), intermediate-MRO (0.5-0.8
nm) in well-defined orientations in mutuall y-i nterconnected coordination pol yhedra (super-structural
units) and far-MRO (0.8-2.0 nm) in local dimensionality of cova ent-bonded glass network; and (iii)
long-range order (LRO) in atomic arrangement within whole glass bulk (> 2.0 nm) is typicaly
absent in ChG, but, sometimes, LRO is associated with mi croscopic inhomogeneities and large-scale
imperfections (second-phase extracti ons, column-grown morphol ogy, microcrystalites, etc.).

These above nanoscale levels in void-species structure would be dso attributed to the
corresponding nanovoids. So, the lowest (first) level of structural organisation (SRO) in void-
species structure can be attributed to the smallest nanovoids formed by atomic fluctuations frozen
technologically at medt quenching (quasi-network fluctuationa nanovoids) and stereometric
specificity in local bond-charge density distribution around individual ChG-forming atoms, their
typicd radii being no more than 0.1-0.2 nm. The latter nanovaids, interms of M.A. Kastner [12], are
formed by bond-free solid angles (BFSA) in covalent-linked glass network. The spatially-stretched
nanovolume voids between interconnected topological ly-inconsistent structural units within glass-
forming network ([0.2-0.3 nm in radius) or, in other words, geometrical nanovoids represent the
next higher (second or intermediate) level of structural organisation (MRO) in void-species
structure of ChG. And the highest (third) level of structural organisation (LRO) in void-species
structure is attributed to microvolume voids and void-like imperfections with radii more than [0.3
nmin glass bulk (intrinsic cracks, strained knags and bubble-like inclusions, etc.).

The ideato study nanovoid topology features in glass network has firstly been proposed by
M. A. Popescu yet in the early 80-s in respect to the void structure of computer models of
amorphous solids including random and layer-biased a-As,Se; [13], but it was not accepted entirdy
because of lack of corresponding experimenta confirmations. Moreover, the wel-known
announcement of S. G. Bishop and N. J. Shevchik from 1974 [14], declaring the absence of atomic
free-volume voids with detectable radius more than 3 A at the volume fraction above 1 % in ChG,
testifies rather in afavour of its meaninglessness.

Furthermore (in 1991-1995), S. R. Elliott [11,15,16], interpreting the nature of the
anomalous first sharp diffraction peak (FSDP) as a chemical-order prepeak in the concentration-
concentration structure factor, arising from the clustering of interstitial nanovoids around cation-
based structural units, has proposed and tested for AX,-type glassy-like materials (e.g. GeS(Se),) the
empirical rdationship between the position of the FSDP, Q,, and atom-void separation like to
diameter of nanovoids, D:

Q. = 3772D. 1)

The Eq. (1), apparently, testifies that FSDP-rdated XRD can be adequate experimental tool
to obtain information concerning size of nanovoids in the real glass network. It is understood,
however, that Eq. (1) can not be gpplied for non-crystalline materias another type structure, namely
ChG with layer-like type structure based on the AsXg;, structural units. Thus, actual task will be to
found such correations for these type materials.

Paositron annihilation technique would be also served as an alternative experimental tool in
this direction. This method has been examined in 1995 by K.O. Jensen with co-workers [17] for
layer-like type ChG on the example of As,Se;. So, demonstrating the modd of paositron traps by
vacancy-like defects, it has been found the linear regularity between positron lifetime 7 (in ns) and
vacancy volume V (in A% accordingly to the next expression:
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Besides, in Ref. [17], authors have firstly suggested that the positron lifetime method might
provide a sensitive test of the Elliott’s mode for the FSDP in the total structure factor of network
ChG, assuming therefore that the same nanovoids can be responsible for positron trapping and origin
of the FSDP. Neverthe ess, no experimental test of this suggestion has been made in the research as
well as modification of the Elliott’s modd for layer-like g-As;Ses.

It is significantly that study of locd structure of liquid and glassy As,Se; using anomal ous
X-ray scattering method [18] confirms also the main principles of the Elliott modd for the FSDP in
the case of tetravaent ChG, but, as it was noted, more detail investigation and discussion for layer-
like glassy As,Se; isstill reguired.

According to P.H. Gaskdl [19], the fact that voids, rings, and quasi-lattice planes are dl
useful descriptors of medium-range structure, can serve as an additional confirmation for the
Elliott’s approach for the FSDP.

In the recent papers [20,21] Popescu et d. have shown that dosed duster modd of As,S;
glasses is able to explain some features of FSDP, on the basis of the packing of clusters with the
incluson of voids. Therefore, nanostructural void characterization for layer-like type ChG is an
actual problem now.

Combination of the FSDP-rdlated XRD aong with PALS seems to be reasonabl e to resolve
such task. In the present work the experimental results obtained in this direction have firstly been
demondtrated for g-As,Se; as an example.

2. Experimental

Two identical samples of g-As;Se; prepared by a standard melt-quenching procedure were
used for research. Ampoules synthesized were quenched in water. Before experimental
measurements sampl es were polished to the [IL.5 mm thickness disks of optica quality and anneal ed
near 20-30 K below glass transition temperature T,

XRD pattern was obtained using HZG-4a powder diffractometer with Cu Ky-radiation.
Diffraction data were collected in the range of 10 < 26 < 40° (astep of 0.05° and an integration time
of 70 sec per point). The sample was measured in the regime of “rotation” (speed of 2 rotations per
sec). The program CSD (Crysta Structure Determination) ,,Full profile powde data reduction”
V.5.11 was used for data treatment. The 28 error in determining the position was + 0.01°.

According to the Elliott’s void-based model for the origin of the FSDP [16], the FSDP
parameters, such as the interlayer separation, quasi-periodic in nature with an effective periodicity,
R, and corrdation length, L, over which quasi-periodic real-space density fluctuations take place,
were calculated, respectively, as

R= 27T/ Q11 (3)
and
L =271 AQ,, 4)

where the magnitude of the scattering vector Q; (= 477siné/A) corresponds to the position of the
FSDP and AQ; isthe full width at half maximum (FWHM) of the FSDP.

The PALS experiment was performed using an ORTEC spectrometer with *Na source
placed between two sandwiched g-As,Se; samples [22]. The data obtained were mathematically
treated with LT computer program [23]. The FIT value was determined as statistically weighted
| east-squares deviati on between experimental and theoretical data using expression:

i(Tk —EkJ, ()
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where N is number of channds, E is experimentally measured number of counts in the channel No

k, Ty is theoreticd number of counts in the channd No Kk, \/ET( is standard deviation for count
number in the channd No k, m - number of fitting parameters. The optimal FIT values were taken to
be quite closeto 1.0, where the normal deviation range of FIT is 0.95 + 1.10. The best PALS results
within two-state positron trapping modd [24] were corresponded to two-component fitting
procedure, giving 1, 7, |I; and |, values (where 11 — reduced bulk lifetime, r, — defect-reated
lifetime, associated with nanovoid volume, |; and I, — corresponding lifetime intensities (I + 1, = 1,
and |, val ues testify about concentration of nanovoids in glass matrix). On thebasisof n, B, |; and
I, values obtained with applied fitting procedure, the numerical parameters of this modd, such as

bulk positron lifetime 7z, average positron lifetime 7 and positron trapping rate ky, were
respectively calculated using formula:
LoLY
7,7
TB :[l +2J :% (6)

;:Iltl +1,t,, @)

1 1
ky=1,] ———
d 2(1_1 sz- (8

3. Results and discussion

Fig. 2 shows the XRD pattern for g-AsSe; and Table 1 demonstrates the CSD program
treetment of the XRD data obtained and FSDP parameters ca culated within the Elliott’s model [16].

—gAsSe |>

FSDP

Intensity (a.u.)

P I N
10 20 30 40
20 (degrees)
Fig. 2. X-ray diffraction pattern (Cu Kq-radiation) for g-As,Ses.

The FSDP for g-As;Se; is around 26 = 17.67° that correspond to the scattering vector
Q1 = Qeepp 0 1.25 AL, The magnitude of FWHM of the FSDP is equal to 4.88° or AQ, 0 0.35 A™.
Theinterlayer separation with an effective periodicity, R (the atom-void distancein terms of Elliott’s
void-based modd [16]), and correation length, L, cal culated according to Egs. (3) and (4), are found
nearby 5.03 A and 17.9 A, respectively. It means that periodicity of R (015.03 A is necessary to give
the FSDP at the observed value of Q, 0 1.25 A™ and this real-space quasi-periodicity takes place
along the correlation length of L 017.9 A.
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Table 1. The FSDP parameters obtained within the Elliott’ s void-based model [16] for

0-As,Se;.
26 (°) +20 (°) | & A | FwHM (°)
17.67 0.01 1.25 4.88

+ FWHM (°) | AQ, (A™ R(A) L (A)
0.05 0.35 5.03 17.9

The most real PALS characteristics with the optimal FIT range of 0.95+1.10, proper to the
examined g-As;Se; (i.e. 7=0.20ns, =0.37ns, 1,=0.60, T =0.30ns, 5= 0.28 ns, kg = 1.4 ns™*

and 1;=0.225ns, 1,=0.385ns, I, =0.50, 7 =0.30 ns; 75= 0.285 ns, kg = 0.9 ns™, respectively), are
obtained within two-state positron trapping modd [22]. Here, optima set of two-component fitting
parameters calculated with LT computer program are selected. It should be noted that using of three-
component and even more complicated models to interpret the PALS results obtained is not
successful and ineffective due to high FIT values and limited resolution of experimental
measurements.

The PALS results obtained regarding long-lived component 7 = 0.370 ns, which is attributed
to the defect-rdated lifetime associated with nanovoid volume, wdl agree with the reference data
from, for example, K. Jensen et a. [17] for g-As;Ses. By using the linear dependence between
numerical values of positron lifetimes 7 (in ns) and vacancy volume V (in A% (see Eq. 2), the
magnitude of nanovoid volume corresponded to the r, = 0.370 ns is determined being equa to
V = 100 A® with nanovoid radius r = 2.9 A. Because of the val ue of relative intensity |, is more than
50 %, the large concentration of nanovoids with r = 2.9 A seems to be existed in the real structure of
g-As:Ses.

The PALS data obtained are in a good agreement with Popescu's theoretical modelling of
nanovoid topology for layer-biased (146 atoms) structure of g-As;Se; using Monte-Carlo simulation
[13]. It has been found within this modelling that nanovoid structure of g-As,Se; includes at |east

three types of free-vol ume nanovoids centered near r,=15A,r, =23A ad E =29 A (Fig. 3).

g-As Se, 146 atoms
15A 23A 29A
! { +

Lt sy

10 15 20 25 3.0
Nano-void radiusr, A

Fraction of voids, a.u.

Fig. 3. Nanovoid distribution for layer-biased 146-atoms structurd model of g-As,Se; after
M. A. Popescu [13].

In this respect, PALS data obtained can be explained as follows. The numerical val ue of the

greatest nanovoids centred near E =29 A (Fig. 3) isin full agreement with the experimenta results
obtained using Eq. (2) for long-lived lifetime component 7, = 0.37 ns, associated with the nanovoids
of V = 100 A% or r = 2.9 A. From this reason another two types of nanovoids centered near

r, =15A and I, = 2.3 A make contribution into short-lived lifetime component 7; = 0.20 ns with
obviously sufficiently low values of paositron trapping rate k.
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Following to the Elliott's void-based modd for explanation of the FSDP origin [16] in the
case of tetravalent AX, glasses, let’s find the similar to Eqg. (1) analyticd rdationship, connecting
the position of the FSDP, Q,, and diameter of free-volume nanovoids, D, for layer-like type
investigated g-As,Ses.

Let’'srepresent the Eqg. (1) through coefficient k, depending on the type of glass structure, as

Q:= kD, )

that is, k = 1.5 for tetravdent type structure of ChG. So, for layer-like (L) type of g-As;Se;
coefficient k should be estimated as

k=DM (10)

According to Jensen & d. [17], the same nanovoi ds coul d bee responsibl e for the origin of the
FSDP and trapping of positrons in glassy-like matrix. So, by suggesting that the nanovoids with
radiusr = 2.9 A, existed in thereal structure of g-As,Ses from PALS results obtained and Popescu’s
theoretical modding [13] (see Fig. 3), are aso responsible for the nature of the FSDP and trapping
of positronsin this materia (i.e D" =5.8 A) and taken the experimental value of Q," = Qrepp =1.25
A for g-As;Se; (see Table 1), we can obtain the value of k = 2.3. Therefore, in the case of
assumption made, the real reationship between the position of the FSDP and diameter of nanovoids
for layer-like type g-As;Se; should be written as:

Q1= Qrspp= 2.371D. (11)

Of course, Eq. (11) obtained must be checked for another representative of layer-like type
ChG such as g-As,Ss. It will be the objective of our next research. Besides, it is very significant to
conduct the experimental test for mixed layer-like and tetravalent type materids in order to
understand better the structural features of glassy-like chalcogenides in various glass-forming
configurations. So the main goals of the future research will be concentrated on the nanostructural
characterization of binary As,S;, pseudo-binary As,S;-As,Se; and ternary As(Sh)-Ge-S(Se) ChG
widdy used in optoel ectronics.

4. Conclusions

In the present work, we have firstly demonstrated that the FSDP-rdlated XRD method along
with PALS technique can be adequate experimental tools to study nanostructural voids in glassy-like
chalcogenide materials. Although, the results obtained only for g-As,Se; cannot be directly applied
for many others binary and multicomponent ChG, but the idea, firstly suggested by Jensen with co-
workers [17], that the same nanovoids are responsible for the origin of the FSDP and trapping of
positrons in glassy-like matrix seems to be reasonable in a general occurrence. The confirmation to
this statement is found comparing the experimental PAL S data obtained with Popescu’ s theoretical
modelling [13] of nanovoids distribution in g-As,Se; structure. In terms of this ideg, it has been
established that the coefficient k connecting the paosition of the FSDP with nanovoid diameter for the
investigated layer-like g-As,Se; equds 2.3, giving therefore the empirical Eq. (11). By comparing
Eqg. (1), adequately tested by Elliott for the FSDP in tetravalent ChG [11,15,16], with Eqg. (11)
obtained for layer-like type g-As;Se;, we can conclude that the real nanovoid structure in ChG is
essentidly dependent on dimensiondity of glass network. In this respect, the further research of
binary g-As,S;, pseudo-binary g-As;S;-As,Se;, and ternary g-As(Sh)-Ge-S(Se) compositions with
different structural dimensionaity will be very useful to develop the genera modd for various
glassy-like chal cogeni des.
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