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Compositional dependence of the open volume of GeS,
glasses studied by positron annihilation spectroscopy
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Positron annihilation lifetime and Doppler broadening measurements of GeS+s, GeS; and GeS, glasses have been carried
out. A pronounced decrease of the long-lived lifetime (12) and mean lifetime (1) was observed with the gradually increased S
content. Combined with the medium-range structural order constructed previously, the correlation among microstructure,
open-volume size and positron lifetime was well elucidated according to the well established two-state positron trapping
model. The longer bond-length of Ge-Ge bonds, compared with the one of Ge-S bonds, is responsible for the formation of
larger open volume in the GeS4 g glass which has a longer 12 and 1y, than the GeS; glass; the shortest 12 and 1, of GeS4 is
ascribed to the existence of a second species Sg rings which uniformly disperse among the glassy network composed of

[GeS4] tetrahedra and reduce effectively the size of open volume.
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1. Introduction

Defects in topologically disordered chalcogenide
glasses greatly influence their electrical and optical
properties [1,2], e.g. photo-induced phenomenon,
thermal-electric poled second harmonic generation. An
adequate understanding of the open volume in these
glasses is very important to explore the correlation
between their structure and electric-optical properties.
Despite a variety of techniques, such as Neutron (or X-ray)
diffraction [3], Raman scattering [4] and nuclear magnetic
resonance (NMR) [5], have allowed to elucidate the
residual medium-range structural order of non-crystalline
material, there is still a lack of techniques that are
especially sensitive to the nano-sized open volume of
materials. An exception is the positron annihilation
technique (PAT) [6].

Due to Coulomb repulsion from the atomic cores,
positron is known to be trapped easily in the open-volume
like vacancies and voids where a longer positron lifetime
is characteristics. An open volume with the average
diameter size between 0.1 and 10 nm could be revealed by
this method, so it is often used to study the single vacancy,
double-vacancy, vacancy clusters and micro-voids. To the
best of our knowledge, PAT is an occasionally used
method for the micro-structural characterization in
topologically disordered chalcogenide glasses. However,
PAT belongs to a method equally suitable for different
solid-state substances despite their structural hierarchy.

Utilizing the PAT, we have analyzed the nano-sized
open volume of GeS; glasses. Starting from the

medium-range order framework of GeS, glass constructed
on the basis of the conventional measurements [7,8],
compositional evolution of the open volume is interpreted
by the well established two-state positron trapping model.

2. Experiment

All the investigated GeS; (x=1.8, 2, 4) samples were
prepared using a traditional melt-quenching method.
Details of the preparations were similar to the procedure
used in our previous paper [9]. The identical glass discs
with ~1.2 mm thick were prepared from the bulk glasses
and polished to get a mirror surface on both sides.

A conventional fast-fast coincidence spectrometer was
used for positron annihilation lifetime (PAL) measurement
in this experiment [6]. The time resolution of the system
was found to be a sum of two Gaussian with (fwhm);=300
ps(90%),and (fwhm),=275 ps(10%). A 20 pCi *Na
positron source was sandwiched between two pieces of
identical sample. After being wrapped, the sandwiched
samples were placed between two BaF, scintillation
detectors. 1.5x10° total counts for each spectrum were
collected at room temperature.

The obtained spectra were decomposed by PATFIT
program. Details of the decomposition process are
described as follows: single crystal silicon was chosen as
the criterion sample to find the standard source correction
[10]. Through decomposing the PAL spectra of silicon by
PATFIT program, we obtain one component lifetime of
~226ps, 100% which is close to that of the reported



64 Bing Wang, Haizheng Tao, Changgui Lin, Zhu Wang, Jianmin Zeng, Hui Li, Xiujian Zhao

literature [11]. The source correction of 388 ps, 6.48%,
190ps, 5.16% and 1690 ps, 0.36% were set as criterion
parameters for PATFIT program when decomposing the
PAL spectra of GeS,. While applying one-component,
two-component, and three-component positron lifetime
models, only two-component positron lifetime
decomposition worth further consideration via the
judgment of the variance of fit which ranges from
1.0~1.2 [12]. Therefore, the average positron lifetime (t,,)
was calculated using these decomposed 1), 15, I; and I,
values:

7, =17+ 1,7, )

In order to further check the validity of above PAL
results, Doppler broadening spectra were collected by high
purity Ge detector. The S and W parameter was used to
analyze Doppler line shape, which is defined as the ratio
of the central and wing regions of 511 keV peak to the
total area, respectively. It could detect the vacancy-type
defect of material. The total count was 5x10° in Doppler
broadening spectrum measurement.

3. Results

According to the two-state model, two-component
fitting parameters of GeS, glasses based on the PATFIT

program together with the S parameter are listed in Table 1.

With increasingly enhanced sulfur content, the positron
trapping lifetime 1, and average positron lifetime T,
shorten gradually. Also, the S-parameter obtained from
Doppler broadening measurements showed the same
tendency of compositional variation, further verifying the
validity of PALS results.

Table 1. The numerical parameters of as-prepared GeS
glasses obtained from positron lifetime and Dopple)ch
broadening measurements. t;: normally associated with
the so-called reduced positron bulk lifetime, t,: the
positron lifetime localized at defects; t,: the average
positron lifetime; 1,: the concentration of vacancies.

Sample | 7 (ps) | T2 (ps) L T (pS) | S
GeSis | 22629 | 4553 | 0.78+0.02 | 404.6£0.2 | 0.52540.0004
GeS, | 2219 | 43123 | 0.76+0.02 | 380.6£0.2 | 0.5211:0.0004

GeSy | 245+10 | 42643 | 0.71+0.03 | 373.5+0.2 | 0.5199+0.0004

4. Discussion

It is well known that a positron is trapped easily in
open volume like vacancies and voids due to the Coulomb
repulsion from the atomic cores. Although no discrete
microvoids (such as vacancies in crystals) in chalcogenide

glasses, the open volume of size from 0.5-1 to
10 nm® can be effective traps by positrons with a
characteristic lifetime of 0.20-0.40 ns. According to the
two-state model, the shorter one 1, is normally associated
with the so-called reduced positron bulk lifetime, and the
longer lifetimes 1, is identical to T4, i.e. positron lifetime
trapping by the open-volume structures. Open volume with
larger size will have longer lifetime of trapped positrons
because of the lower electron density. Consequently, with
the addition of sulfur in GeS, glasses, the reduction of size
of these open-volume defects can be deduced.

In addition, according to the correlation between the
number of vacancies and lifetime [13], the lifetime 1,
increases with the number of vacancies per cluster. In large
voids (R>1nm, 100-1000 atoms), the positron lifetime has
a value around 500 ps independent of the void size [14,15].
Based on the facts shown in Table 1 that the 1, value of all
samples is around 450 ps, we can deduce that there exists
three-dimensional open volume with a size on the order of
nanometer scale. So the results can be explained according
to the open volume with a size similar to vacancy cluster.
In other words, the studied glasses have a compact
three-dimensional disordered micro-structure.

Despite their lack of long-range translational and
orientational order, covalent amorphous solids, e.g.
chalcogenide glasses, can exhibit structural order over
both short and medium length scales, the latter reaching
2 nm or so [16]. The medium-range structural order in
chalcogenide glasses has been well demonstrated through
neutron diffraction, Raman scattering and IR spectroscopy,
etc. In the following, based on the framework constructed
by the refs *7#], the evolution of the open volume formed
because of the bond angle deformation and
mis-coordination of the covalent bonds can be interpreted
properly in terms of the compositional variation of the
microstructure of GeS, glasses.

According to Ref. [3,7,8], the three-dimension
framework of GeS, glass is comprised of corner- and
edge- shared [GeS,] tetrahedral units connected through
bridging sulfur. Due to the shortage of sulfur, in the GeS; g
glasses, there are some [S;Ge-GeS;] ethane-like units
besides [GeS,] tetrahedral units. When it comes to the
GeS, glass, Sg rings exist due to the excess sulfur in the
glassy network composed of [GeS,] tetrahedral units.

As mentioned above, besides Ge-S bonds, Ge-Ge
bonds exist simultaneously among the GeS;g glasses.
According to the Refs [17,18], the bond length of Ge-Ge
(~0.245 nm) is greater than that of Ge-S (~0.22 nm).
Despite the bond length of Ge-Ge or Ge-S bonds is quite
different in glasses compared with that in crystals, the
tendency of Lge.ge > Lae-s 18 still acceptable. Based on this
fact that larger Ge-Ge interatomic distance in the
[S;Ge-GeS;] ethane-like units occur, in the GeS;g glass
compared with that of Ge-S bonds in GeS, glass, it can be
deduced that the open volume formed by the broken
Ge-Ge bonds in GeS; g glass has a larger size than that
formed by the broken Ge-S bonds in GeS, glass. Therefore,
the lifetime of positron trapped by this larger size open
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volume is also longer, which is in good agreement with
our experimental results.

With respect to GeS, glasses, its shortest 1, and 1,, can
be well interpreted according to the existence of a second
species (Sg) rings among the glassy network. The existence
of Sg rings means that the GeS, glass could be viewed as a
homogeneously mixed solution of two kinds of molecular
glasses which are composed of micro-structural units Sg
rings and [GeS,] tetrahedra. Certainly, the existence of a
second species should not be confused with a phase
separation. Phase separation in a system implies
inhomogeneity on an observable scale and is therefore
differentiable from a homogeneous system. Furthermore,
because the two different molecules can fill in their
interstices reciprocally, it is well-known that the volume of
a solution of two different molecular species is
considerably smaller than the simple sum of two pure
solutions. Therefore, GeS, glass has a shortest 1, and T,
compared to those of GeS; 3 and GeS, glasses.

The distribution of electron momentum can be
obtained through the Doppler shift of y-ray produced by
positron annihilation. If positrons are trapped at
open-volume sites, the probability of annihilation with
core electrons is reduced, therefore the larger S-parameter
than the bulk value indicates the existence of open-volume
sites [19]. In the GeS, glasses, the Doppler S-parameters
listed in Table 1 also show the same tendency of variance
as the values of 1, and 1,,. The larger S-parameter implies
that there exists more open volume or larger size of open
volume. So the validity of the evolution of 1, and 1, has
been verified again through the Doppler broadening
measurement.
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Fig. 1. S-W plot obtained from the Doppler broadening
measurements in GeS, glasses.
A detailed analysis of the correlation of S and W
parameters obtained from the Doppler broadening

measurements gives us more complementary inform about
the defect evolution that occurrs with the increased x in
GeS, glasses. The S and W parameters of GeS, were

normalized to one unit in Fig. 1. Therefore, S>1 or W<lI
means that there exists a larger open volume or higher
concentration of open volume. There are two different
lines on S-W data, which reflect the different dependence
of W parameter on S parameter, indicating that different
types of defect exists in the three samples. This further
certifies the rationality of the above interpretation about
the evolution of 1, and t,,.

5. Conclusion

A detailed micro-structural understanding of the GeSy
chalcogenide glasses greatly contribues to elucidate the
correlation between the structure and electric-optical
properties. In this paper, the positron annihilation lifetime
and Doppler-broadening measurements of the GeS, g, GeS,
and GeS,; glasses were performed to explore the
nano-sized open volume within these glassy networks. It
reveals that open volume of larger size is formed in the
topological framework of GeS;g glass due to the longer
bond-length of Ge-Ge metal bond compared to that of
GeS, glass; and for the GeS, glass, the open-volume size
is correspondingly less compared to that of GeS, glasses,
due to the “frozen” mixture of Sg rings and [GeS]
tetrahedral structural units, which compose the glassy
network.
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