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ABSTRACT

Density, differential scanning calorimetry (DSC), X-ray diffraction (XRD), and X-
ray photoeiectron spectroscopy (XPS) measurements of Ge1_xSnxSe2 within 0.0 < x <
0.6 have been obtained. Upon increasing the Sn content, the density measurements
show a non-monoionic decrease, while the differential scanning calorimetry measurements
show a monotonic decrease of the glass transition temperature. The X-ray diffraction
measurements on these glasses give interference functions which have first sharp diffraction
peaks (FSDP) indicating the presence of intermediate range order (IRO). The X-ray
photoeiectron spectroscopy measurements were used to determine the plasmon energies
from the L2MifiMifi selenium Auger peaks which may be looked upon as being determined
by the local electron density about the se.,;nium atoms. It is found that the plasmon
energies deduced from the Auger peaks change markedly with the Sn content in these
glasses. These results are consistent with the fragmentation of the molecular cluster
network model proposed by Mikrut and McNeil.

MIRAM ARE-TRIESTE

August 1993

'Permanent address: Physics Department, An-Najah National University, Nablus, Via
Israel.

1 Introduction

The structure of a-GeSej has been widely studied in the past few years [2-11], but the
debate about the model which best describes it, is still open. Two basic types of models
have been proposed. The first model, the chemically-ordered covalent network (COCN)
model, assumes that a-Ge5e2 consists of corner- and edge-sharing Ge(Sei/?)i tetrahedra
linked together to form a three-dimensional network [3]. In this model, wrong homopolar
bonds are minimized and appear only as defects. The second model, the outrigger raft
(OR) model (also known as the molecular cluster network [MCN] model) was proposed by
[7,12]. This model favours two-dimensional local atomic arrangements and assumes that
a.~GeSe2 consists of modified fragments of the layer-crystal structure. The fragments
are laterally bordered by Se — Se edge dimers. Thus this model assumes that wrong
homopolar bonds are an intrinsic property of the structure of a-GeSe2.

The aim of this paper is two-fold. The first is to probe the structural changes intro-
duced when Sn, in varying concentrations, is added to a.-GeSe2. The second is to lend
support to one of the above mentioned models proposed for the structure of covalently
bonded glasses. To achieve this, density, DSC, XRD, and XPS measurements have been
performed on Gei^ISnxSe2 glasses.

2 Experimental procedures

The glasses were prepared by the conventional melt quenching method using high purity
elements (99.999%). The method consisted of sealing, at a pressure of approximately 10~s

Torr, the weighted amounts of the constituent elements in a carefully outgassed, argon
flushed, rectangular-section silica ampoules (1.5 x 1.5 x 6.0 cm). The ampoules were then
placed in a rocking furnace in which they were heated to a temperature of 1050°C and
were agitated to ensure thorough mixing of the melt. After homogenizing for three days,
the ampoules were quenched to room temperature in a large volume water bath.

The macroscopic densities at room temperature of the as-prepared glasses were mea-
sured by the Archimedes method using ethyl-methyl ketone (C2//5 - CO — CH3) as the
immersion liquid which has a density of 0.S03 — O.S05 gem"3 at 20°C. The densities were
calculated using the formula

Pa = ( "VK> ™ ^L])PL

where u>o and U>L represent the weight of the sample in air and in the liquid, respectively,
and pi is the density of the immersion liquid.

A Perkin-Elmer DSC-2C differential scanning calorimeter using a scan rate of 20K/mtn
and sample sizes of 40 mg of the powdered glass, was utilised to study the glass transi-
tion temperatures. The powdered samples were sealed in aluminium pan and compared
with an empty aluminium pan. The measurements were performed in dried, oxygen free,
nitrogen atmosphere. The glass transition temperature, T9, was taken at the midpoint of
the step in the thermogram.

The flat surfaces of the as-quenched glasses adjacent to the walls of the silica tubes
provided good surfaces for X-ray analysis. The X-ray diffraction measurements were
performed on a 8 — B X-ray diffractometer (after removal of the silica wall) using Mo Iia

radiation (A = 0.71069 A). A distinguishing feature of these X-ray measurements is that
only as-quenched virgin surfaces were examined.



The X-ray photoelectron spectroscopy measurements of the as-quenched surfaces were
carried out in ES3P1 electron spectrometer using Ai Ka X-rays as the exciting radiation.

3 Results
The density results (Fig.l) show that there is a non-rnonotonic decrease in density upon
increasing the Sn concentration in these glasses. This behaviour of the density results
will be discussed later.

The variation of the glass transition temperatures (Ts) with Sn content in these glasses
is shown in Fig.2. The glass transition temperatures show a. monotonic decrease upon
increasing Sn content. The results of [l] are plotted for comparison. It is clear that our
T3 values are larger than those reported by [1]. This difference may be attributed to the
differing thermal history of the glasses, which greatly influences the final structure of the
glass. Our higher Ts values (i.e. higher by 1C K for GeSe2 as compared to those reported
by [1]) may be taken as an indication that our glasses are more stable (i.e. possess lower
configurational entropy and more heteropolar bonds).

The X-ray interference functions for .r = 0.1,0.2,0.3,0.4 and U.5 are shown in Fig.3.
They show a first sharp diffraction peak (FSDP). The peak fit parameters (position in
reciprocal space, full width at half-maximum Ak [FWHM], coherence length [L], and
the height ratio of the FSDP to the second peak) are given in Table 1. The coherence
length, which is related via an approximate relation to the FWHM by the expression
L ~ (2w/Ak) [13], decreases from 39 A for GeSe2 to 17 A for Ge05Sn0.5Se2. This
reduction of the coherence length is correlated with a. decrease in the height ratio of
the FSDP to the second peak of the interference functions indicating a reduction of the
amount of intermediate range order (IRO).

The average values of plasmon energies deduced from the L3 M4 5 A/,| 5 Auger lines
of selenium are given in Table 2. Fig.4 shows the plasmon energy losses for the two
compositions GeolSnOzSe? and Gnij^SnaiSe2- The plasmon energies, calculated using
the relation hujp = h(ne2/ €o m)l/* [14, 15] where n is the valence electron density, are also
given in Table 2. The change in plasmon energy with Sn content in the glasses, both for
calculated values and those determined experimentally from the L3M4i5A/<i5 Auger lines
of selenium, are shown in Fig.5. It can be seen from Table 2 and Fig.5 that the measured
plasmon energy losses are always larger than the calculated values. The experimentally
determined values of the plasmon energies were used to calculate the average energy gaps
of the Ge — Se bonds. The calculation was done by making use of a simple model, based
on the piasma frequency formalism, developed by [16] for A1' B'VC2 semiconductors.
In our calculation we assumed that the ternary additive Sn can take on the role of a
group-II element and that Se takes on the role of a group-V element. The change in
the calculated values of the average energy gaps and the measured optical energy gaps
[17] with Sn content in the glasses are shown in Fig.6. In this figure, the values of the
optical energy gaps were normalized to the value of the average energy gap of GeSe2.
It is interesting to note that the average energy gaps and the measured optical energy
gaps [17] seem to reflect each other in spite of the difference in the way they have been
obtained.
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4 Discussion
The density results show that there is a decrease in density as Sn is added to GeSe2

(Fig.l). This type of behaviour observed for the density, indicates that the glass network
"raft" is progressively fragmenting with increasing Sn concentration. Moreover, between
x = 0.2 and x = 0.3 there is a sudden drop in density, marking the onset of fragmentation
at x — 0.2. Apparently as the "raft" breaks up the free interfacial volume between the
fragments increases and the ratio of the surface to volume of the molecular clusters will
increase, thus resulting in the decrease of the density. The observed monotonic decrease
in the glass transition temperature with increasing Sn concentration (Fig.2) is consistent
with that reported by [1] and does not show the step-like behaviour between x — 0.4
and x = 0.5 observed by [18]. This smooth monotonic decrease indicates that the glass is
becoming less stable and that the configurational entropy is increasing, and is consistent
with an increase in the ratio of the surface to volume of the molecular clusters which
would occur as the "rafts" break up and their sizes decrease. A slight contribution to
the decrease in the glass transition temperatures is attributable to the replacement of the
stronger bond Ge - Se (49.08 k cal/mole) by the weaker bond Sn - Se (47.38 k cal/mole)
[19].

Mikrut and McNeil [1] proposed a model for the structure of these ternary glasses,
based on the model of &-GeSe2 proposed by [7], in which Sn atoms substitute preferen-
tially the Ge atoms situated on the edge of the cluster "outrigger raft". As Sn concentra-
tion is increased, the average-size cluster can no longer accommodate all of the Sn atoms
substitutionally in the preferred Ge sites on the edge of the cluster "outrigger sites". The
cluster, therefore break up into smaller clusters to create more "outrigger sites" for the
Sn atoms to occupy. This fragmentation begins to occur at the value x = 0.2 and as x
increases, Sn atoms continue to occupy "outrigger sites" until the clusters reduce t i the
smallest possible unit which retains the bonding of &-GeSe2, namely one consisting of two
chains. For x > 0.7 the structure of crystalline SnSe2 begins to dominate and the sample
can no longer form a glass. However, it was not possible to prepaid a truly amorphous
sample for x > 0.6 with the cooling technique employed in this work, in the sense that
the X-ray diffraction pattern displays sharp peaks characteristic of crystallization. This
was attributed to the slower cooling rates for our samples because of the larger sam[ e
sizes prepared. The density results reported here are consistent with this model proposed
by [1].

The observed FSDP on the X-ray interference functions for the glassy compositions
examined indicate the presence of (IRO) for these alloys and is in accord with the ob-
servation of the companion mode (/if) in the Raman spectra obtained by [1] for all
concentrations up to x = 0.7. This companion mode is generally associated with (IRO)
of the glass network [7]. The decrease of the coherence length when Sn is added to a-
GeSe2 (see Table 1) indicates that the average size of the clusters associated with (IRO)
is decreasing, which is consistent with the fragmentation into smaller clusters when Sn is
added to &-GeSe2.

It has been shown [20] that the measured plasmon energies deduced from the L^M^M^
selenium Auger peaks serve as a local probe of the selenium electron density in chalco-
genide glasses. Fig.5 shows that the locai electron density of selenium atoms decreases
when Sn is added to &-GeSe2. It must be noted that this decrease of the local electron
density results from a decrease of the amount of intermediate range order (IRO) that is



present in these glasses [21].
It has been suggested by [17] that the electrons beyond the mobility edge become

localized in a smaller volume as the cluster size is decreased in the composition range
0.2 < x < 0.3. This leads to an increase in the energy of the anti-bonding states and thus
in optical band gap and average energy gap. The calculated average energy gaps from the
measured plasmon energies from the LsM^tAU^ Auger lines of selenium (Fig.6) show an
increase at x = 0.3 from the otherwise decreasing trend which can be explained on this
basis. Thus the behaviour of the average energy gap parallels that of the optical energy
gap of [17].

Further information on the glass structure comes from the value of the average coor-
dination number of the glasses examined which remains constant at < m > = 2.67 (see
Table 2). According to [22] this value of < m > corresponds to a topological threshold and
is associated with two dimensional (2D) layered structures. Therefore, the idea proposed
by [18] that there is a transition from molecular cluster network (MCN) to continuous
random network (CRN) occurring at ;r = 0.3o, is not supported.

i Conclusion
The compositional dependence of the density and the decrease of the coherence length
(when Sn is added to a-Ge5e2) serve as extra strong evidence in support of the frag-
mentation of the molecular cluster network model, proposed by [l], for the structure of
Gei-.r5nI5e2 glasses.
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TABLE CAPTIONS

Table 1 Peak fit parameters for the FSDP in Gei_xSnxSe2 glasses.

Table 2 Plasmon energies (in eV) (measure.1 and calculated), measured densities, mea-
sured glass transition temperatures, calculated average energy gaps and calculated
average coordination numbers for Gei^^SrixSej glasses.



Table 1

Composition

GeSe?
Geo.9Sno.iSe2
Geo.sSrtg.iSei
Geo.rSno.3Se2
Geo.sSno.4Se2
GeQSSn0,$Se2

Peak Position
k~l(± 0.03)

1.14
1.00

1.00
1.03
1.03
1.05

FWHM
A~V±0.03)

0.16
0.22
0.22
.1.38
j.38
0.38

Coherence
length (A)

39
29

29
17
17

17

Ratio
FSDP/second peak

0.46
0.42
0.45

0.32
0.22
0.32

Table 2

Composition

GeSe2

Ge0.gSna.iSe2
Geo.g5no25ej
Ge0j5no.3'5ej

GeofiSno.4Se2
Ge0.iSn0.sSe2

Geo^Sno.sSez

fiwp(exp.)
eV

(± 0.3)
17.7
17.5
17.3
17.5
16.6
16.6
16.5

ftwp(calc)
eV

16.0
15.8
15.5
14.7
14.2
13.8
13.5

Density
gem"3

(±1%)
4.45
4.39
4.31
3.94
3.76
3.63
3.52

W<)
±(0.2%)

687
662
642
622
608
592
588

eV

5.42
5.32
5.22
5.32
4.88
4.88
4.84

<m >

2.67
2.67
2.67
2.67

2.67
2.67
2.67
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FIGURE CAPTIONS

Fig.l Change in density with Sn content in Gel_xSnxSe2 glasses.

Fig.2 Change in glass transition temperature with Sn content in Gei-xSnISe2 glasses.

Fig.3 X-ray interference functions for Gi i^zSnxSe2 glasses,
(a) x = 0.1, (b) x = 0.2, (c) c = 0.3, (d) x - 0.4, and (e) x = 0.5.

Fig.4 Selenium Auger peaks in Gea,TSn0,3Se2 (full curve) and Geo.sSno,bSe2 (dashed
curve) shifted so that 1G« peaks coincide.

Fig.5 Change in plasmon energy with Sn content in Gt\-TSnxSei glasses both for calcu-
lated values • and those determined experimentally Qfrom the i3A/<i5M4i5 Auger
lines of selenium.

Fig.6 Change in calculated values of the average energy gaps Sand measured optical
energy gaps • [17] with Sn content in Ge1-zSnISt2 glasses. The values of the
optical energy gaps were normalized to the value of the average energy gap of a-
GeSe2.
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