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Photoacoustic characterization of chalcogenide glasses: Thermal diffusivity of Ge Te,
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The photoacoustic technique is used to investigate the thermal diffusivity of Ge„Te& glasses as a
function of composition. The observed dependence on the composition is explained on the basis of the
chemically ordered network model. This interpretation is further supported by x-ray and electrical resis-

tivity measurements.

INTRODUCTION

The continuing interest in the last two decades on the
investigation of the chalcogenide glasses reflects not only
the interesting scientific questions posed by these materi-
als but also their use as switching and memory, devices. '

Intensive experimental investigations on A' 8 ' glasses
reveal that physical properties like refractive index,
coefficient of thermal expansion, optical band gap, dielec-
tric constant, electrical resistivity, Raman scattering, etc. ,
exhibit an anomalous (sudden) change at the x =0.2 and
0.33 compositions. In the Ge Te, „glassy system,
the optical band gap, as well as the thermal crystalliza-
tion, exhibit marked changes in their behavior at the
x =0.2 composition, whereas acoustic attenuation stud-
ies' in Ge S, , and Ge„Se, „show peaks in attenua-
tion at x =0.2 and 0.33. In contrast, except for a few pa-
pers"' on glassy As Te, „and Ge„Se, „,respectively,
there seems to exist no systematic investigation of the
thermal diffusivity of chalcogenide glasses in the litera-
ture.

The thermal diffusivity o., defined as a=k/pc, where k
is the thermal conductivity, p the mass density and c the
specific heat, is an important physical parameter to be
monitored not only by its intrinsic physical interest but
also for its use in device modeling and design. Physically,
the inverse of 0. is a measure of the time required to es-
tablish thermal equilibrium in a given material. Like the
optical-absorption coefficient, it is unique for each ma-
terial. This can be appreciated from the tabulated values
of a given by Touloukian et al. ' for a wide range of ma-
terials, such as metals, minerals, foodstuffs, and biological
specimens. Furthermore, the thermal diffusivity is also
known to be extremely dependent upon the effects of
compositional and microstructural variables' as well as
processing conditions as in case of polymers, ' ' ceram-
ic, ' and glasses.

The photoacoustic (PA) effect ' has been proved by
several authors to be a simple and reliable technique
for measuring the thermal properties of solid samples.
The PA effect looks directly at the heat generated in a

sample, due to nonradiative deexcitation processes, fol-
lowing the absorption of light. In the conventional ex-
perimental arrangement, a sample is enclosed in an air-
tight cell and exposed to a chopped light beam. As a re-
sult of the periodic heating of the sample, the pressure in
the cell oscillates at the chopping frequency and can be
detected by a sensitive microphone coupled to the cell.
The resulting signal depends not only on the amount of
heat generated in the sample (and, hence, on the optical
absorption coefficient and the light-into-heat conversion
efficiency of the sample) but also on how the heat diffuses
through the sample determined by the thermal
diffusivity. In this paper, we apply the recently proposed
open-photoacoustic cell (OPC) configuration ' for in-

vestigating the effects of the composition on the thermal
diffusivity of Ge Te&

EXPERIMENT

The Ge Te& „samples of different compositions were
prepared by the conventional melt quenching technique.
Appropriate amounts of 5)V pure germanium and telluri-
um were introduced in a quartz ampoule (g-mm inner di-
ameter), evacuated to 10 Torr and sealed. The am-
poule was then kept in a furnace at a temperature of
820'C and was periodically rotated to ensure good homo-
geneous mixing of the melt. After 24 h the ampoule were
rapidly quenched and the samples were then taken out.
The amorphous nature of the samples was checked by x-

ray diffraction. The measurements were carried out with
a Philips powder goniometer using the Cu Ko. radiation.
In Fig. 1 we show the x ray diffractogram for the
x =0.20 composition, which, indeed, corresponds to that
of an amorphous solid. The OPC experimental arrange-
ment is schematically shown in Fig. 2. It consists of us-

ing a 150-W halogen-tungsten lamp whose polychromatic
beam, after being heat filtered, is mechanically chopped
and focused onto the sample. The sample is mounted
directly onto a circular electret microphone. The typical
design of a electret microphone ' consists of a metal-
ized electret diaphragm L12-pm FEP (hexaAuoro-
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the incident light intensity, f is the modulation frequen-

cy, and I, , k,- and a; are the length, thermal conductivity,
and thermal diffusivity of material i. Here, the subscript i
denotes the sample (s} and gas (g) media, respectively, and

o; =(1+j}a;, with a; =(nf /a; )' being the thermal
diffusion coefficient of material i.

For sufficiently thin samples, such that, l, a, «1, Eq.
(1) reduces to

p I CX1/2& j(cot —3m./4)Dog s e

(27r) Tol k, l, f (2)

0
5

I I I I I I ~ I I I I I I ~ I I I I I I I ~ I I I I I I I I I ~ ~ I I I I ~ I I I ~ I ~ I I I I

15 25 35 45 55

ANGLE (DEGREES)

FIG. 1. X-ray diffractograms for Ge„TeI „samples for com-
positions x =0.20 showing amorphous structure.

propylene tet-rafluoroethylene copolymer) with a
500—1000—A-thick deposited-metal electrode] and a met-
al backplate separated from the diaphragm by an air gap
(45 pm long).

The metal layer and the backplate are connected
throught a resistor R. The front sound inlet is a circular
hole of 3-mm diameter, and the front air chamber adja-
cent to the metalized face of the diaphragm is roughly 1

mm long. As a result of the periodic heating of the sam-

ple by the absorption of modulated light, the pressure in
the front chamber oscillates at the chopping frequency,
causing diaphragm deflections, which generates a voltage
across the resistor. This output voltage front the micro-
phone is connected to a lock-in amplifier in which the sig-
nal amplitude and phase are both recorded as a function
of the modulation frequency. The use of a heat-filter for
the light beam ensured us that we were just focusing the
visible part of the spectrum onto the sample, in which
range the samples are all optically opaque. This means
that we can safely assume that the heat is deposited
essentially at the sample front surface. Under these con-
ditions, the pressure fluctuation in the air chamber is
given by27

PoIo(aga, )'

2m. l Tok,f sinh(l, o, )

where Po(To ) is the ambient pressure (temperature), Io is

In other words, the PA signal amplitude decreases as

f ' as one increases the modulation frequency. In con-
trast, for thicker samples, such that l, a, &)1, Eq. (1) gives
us

PoIoasa, exp[ l, (nf—/a, )' ]g S

mTol k, l,
[j(cot—m/2 —l, a )]

X exp (3)

S= ( A /f ) exp( av'f ) . — (4)

Knowing, the coefficient a from the fitting procedure, a,
is readily obtained from

a, =n.(l, /a )

In Fig. 3 we show the PA signal amplitude as a func-
tion of the frequency square root for the 220-pm-thick
x =0.2 sample. The solid curve in this figure represents

M
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Equation (3) means that, for a thermally thick sample,
the amplitude of the PA signal decreases exponentially
with the modulation frequency as (1/f)exp( a "a/f ), —
where a=(n.l, /a, )'~. The thermal diffusivity a, can
then be obtained from the signal amplitude data, as a
function of the modulation frequency, by fitting it to the
expression
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FIG. 2. Cross section of the open-photoacoustic cell using
the front air chamber of a common electret microphone as a
transducer medium.

FIG. 3. Open-photoacoustic cell signal amplitude as a func-
tion of the modulation frequency square root for a 220-pm-thick
sample with x =0.20. The solid curve represents the data
fitting to Eq. (4) of the text.



14 188 BRIEF REPORTS 46

the fitting of the experimental data to Eq. (4). The result-
ing value of a from the data fitting was +=0.027+0.002
cm /s for the x =0.2 sample. For the tellurium sample
(x =0.0) the value we got for a was a=0.013+0.002
cm /s. The literature value' for crystalline Te is 0.02
cm /s. The same procedure was repeated for the other
alloy compositions. In Fig. 4 we summarize the results
for the thermal diffusivity as a function of the cornposi-
tion parameter x for our Ge„Te, samples. The solid
curve in Fig. 4 represents the data interpolation to a poly-
nomial expression so that the peak could be more precise-
ly identified. The thermal diffusivity exhibited two peaks,
one at the x =0.20 composition and another one at
x =0.5. The peak at the x =0.20 composition can be ex-
plained by the chemically ordered network model '

for chalcogenide glasses. According to this model, for
the A-Te (A =Ge, Si) system in the glass forming region,
namely, x & 0.33, the system contains both 3—Te and
Te—Te bonds, and for x )0.33 both 3 —Te and A—A
bonds are present. At low concentrations of A atoms the
glass system is characterized essentially by one-
dimensional Te chains. As the concentration of A atoms
increases, the Te chains are increasingly cross linked by
A atoms, thus changing the one-dimensional chain into a
three-dimensional network at x =0.20. It is said that at
this composition a percolation transition ' from a po-
lymeric glass to a rigid amorphous solid takes place. The
jump at x =0.20 reflects this percolation transition
threshold to the formation of a rigid amorphous solid
offering minimum resistance to the heat propagation.
The second peak in Fig. 4 at x =0.5 corresponds to the
formation of GeTe solid solution. In fact, the phase dia-
gram of Ge-Te systems ' shows that GeTe is formed at
x =0.5 by a peritectic reaction at 725 'C.

Next, and to further support these findings, we have
measured the electrica1 resistivity of our samples as a
function of the composition as a shown in Fig. 5. The
data in Fig. 5 exhibit one sharp peak at x =0.20 and a
second smaller and broader peak at x =0.30. These max-
ima in the electrical resistivity are consistent with the
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FIG. 4. Thermal diffusivity of Ge Te, as a function of
composition.
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maximum density of stable structural units as suggested
by Feltz and Pfaff. The peak at x =0.20 is associated
with the formation of the rigid amorphous solid, whereas
the peak at x =0.30 is more readily interpreted on the
basis of new network structures of the type proposed in
Refs. 36 37 Feltz and Pfaff proposed that Ge(Se2)2
structural units are present in Ge Se, glasses. In the
present case, ditelluride bonds would be present at
x =0.30 giving rise to stable structural units like

Te —Te

~"'~ with the reduction in the number of unsatisfied
I e —Te

bonds. This reduction of unsatisfied bonds leads to a
maximum in the resistivity.

DISCUSSION AND CONCLUSIONS

In this paper we have reported on the behavior of the
thermal diffusivity and the electrical resistivity of
Ge„Te, alloys as a function of composition. The
thermal diffusivity exhibited two peaks one at x =0.2 and
another one at x =0.5, whereas the peaks in the electri-
cal resistivity were centered at the x =0.2 and 0.3 com-
positions. According to the chemically ordered network
model, the glass-forming tendency is rnaxirnized at the
critical average coordination number (m, ) =2.4. At
this point a perfect network is formed such the number of
force field constraints exhausts the number of degrees of
freedom. The average coordination number for the
Ge Te, system is given by

(m ) =xNo, +(1—x)Xr, , (5)

where N&, and NT, are the Ge and Te coordination nurn-

bers, respectively. In the glass-forming region, namely,
x &0.33, NG, =4 and NT, =2, so that the critica1 corn-
position x, leading to the formation of a perfect network
is x =0.20. Glasses with x &x, are inadequately con-
strained and tends to disintegrate into nonpolymerized
fragments; i.e., the glasses contain rigid and floppy re-
gions with the floppy regions dominating. Increasing x,
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FIG. 5. Electrical resistivity (log&0) of Ge„Te& „as a func-
tion of composition measured at room temperature.
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the rigid regions increase in volume until, at x =x„a
percolation transition takes place to a rigid network of
the compound composition GeTe2. Disorder in the net-
work is minimum at this composition and it increases as
we move away from x, . This explains the observed sharp
peaks at x =0.20 in both a and the electrical resistivity.
Away from the glass-forming region the system behaves
as a random mixture two-phase system consisting of
GeTe and excess Te or Ge atoms depending whether x is
smaller or greater than x =0.5, respectively. At x =0.5,
only GeTe is formed and the thermal diffusivity exhibits
a second peak corresponding to a more organized state.

These results for the thermal diffusivity of Ge„Te&
glasses agree with those for As„Te& „but differ from the
ones reported for Ge„Se& „glasses. For As„Te&
Madhusoodanan et al." found a single peak at x =0.4,
which corresponds to an average coordination number
(m ) =2.4 for this system. This is equivalent, in our
case, to the peak at x =0.2. For Ge„Se, „glasses, ' the
thermal diffusivity exhibited two peaks in the glass-
forming region; one at the x =0.2 composition, corre-
sponding to the threshold for the formation of a stable
structure, and a second one at the stoichiometric compo-
sition x =0.33. In our case, in the glass-forming region,

the thermal diffusivity showed a single peak at x =0.2
corresponding to the formation of a fully polymerized
rigid amorphous solid. The other peak, corresponding to
the germanium monotelluride formation, occurred out-
side the glass-forming region at x =0.5. These results in-
dicate that the compositional dependence of the thermal
diffusivity of chalcogenide glasses should be further in-

vestigated.
The electrical resistivity of our samples, on the other

hand, apart from showing the strong and sharp peak at
x =0.2, it also exhibited a much smaller (roughly, five or-
ders of magnitude) and broader peak at the x =0.3 com-
position. The peak at the critical composition x =0.2
agrees with the observations of Asokan, Parthasarthy,
and Gopal for the electrical resistivity of Si Te,
glasses. The second and smaller peak at x =0.3 suggests
the formation of new stable structural units as proposed
by Feltz and Pfaff. This would correspond to the pres-
ence of ditelluride bonds leading to the formation of
stable tetrahedral units of the type shown in the previous
section. These structures, associated with the reduction
of unsatisfied bonds in the 0.2 & x & 0.33 region, were not
suSciently intense to manifest themselves in the thermal
diffusivity data.
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