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Variation of Electrical Resistivity with High Pressure

in Ge�Te�Sn Glasses: A Composition Dependent Study
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The variation of normalized electrical resistivity in the system of glasses Ge15Te85−xSnx with (1 ≤ x ≤ 5)
has been studied as a function of high pressure for pressures up to 9.5 GPa. It is found that with the increase
in pressure, the resistivity decreases initially and shows an abrupt fall at a particular pressure, indicating the
phase transition from semiconductor to near metallic at these pressures, which lie in the range 1.5�2.5 GPa, and
then continues being metallic up to 9.5 GPa. This transition pressure is seen to decrease with the increase in the
percentage content of tin due to increasing metallicity of tin. The semiconductor to near metallic transition is
exactly reversible and may have its origin in a reduction of the band gap due to high pressure.
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1. Introduction

Chalcogenide glasses such as Ge2Sb2Te5 (GST) have
been used successfully as non-volatile random access
memories (NVRAMs) and this has generated renewed
interest in these materials [1�6]. The successful use of
these glasses as random access memories hinges on their
ability to switch from a high resistance amorphous state
to a low resistance crystalline one on the application of
an appropriate electrical pulse [7]. Some of these glasses
can be switched optically and the two states obtained
can be di�erentiated by their di�erent refractive indices.
The search for better materials for these applications calls
for improved understanding of the underlying phenom-
ena and processes in these systems. High pressure is an
important tool to probe the behavior of these materi-
als and to gain insight into the processes taking place in
these glasses.
Electrical resistivity measurements on glassy semicon-

ductor under high pressure helps in understanding the
pressure induced metallization or crystallization of these
materials. In crystalline materials, the e�ect of pressure
is to compress the unit cell and any phase transition
that occurs is a cooperative phenomenon accompanied
by a change in structure most of the times. The ef-
fect of pressure on glasses is more subtle, and hence
of considerable interest. Chalcogenide glasses are gener-
ally semiconductors at room temperature and pressure,
and undergo semiconductor to metal transition or crys-
tallization when subjected to pressure [8�10]. The pres-
sure induced crystallization and semiconductor to metal
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transition in amorphous semiconductors can be a contin-
uous transformation or a discontinuous transition. Bi-
nary glasses such as Ga�Te and Al�Te, which are of the
type III�VI [11, 12] and As�Te which is of the type V�
VI [13] show continuous metallization under pressure.
On the other hand, IV�VI chalcogenide glasses are found
to exhibit sharp, discontinuous glassy semiconductor to
crystalline metallic transition around 5�8 GPa [14, 15].
Further most V�VI chalcogenide glasses are usually found
to remain a semiconductor even up to 10 GPa. Ternary
glasses such as As�Te�Se [16], As�Te�Si [17] and As�
Te�In [18] also show continuous metallization under high
pressure.

Multi-component glasses such as Ge�Se�Bi [19], Ge�
Te�As�S [20] exhibit continuous metallization whereas
Tl�Ge�Se and Tl�Te�Ge glasses [21, 22] have been found
to show discontinuous metallization. It can be seen from
the above that chalcogenide glasses belonging to di�er-
ent groups show interesting di�erence in their pressure
response, making high pressure studies on these materi-
als an important tool in condensed matter physics.

The microscopic structure of chalcogenide glasses and
the relation to their properties is of considerable inter-
est in glass physics. Chalcogenide glasses are made up
of various structural units such as tetrahedral, octahe-
dral, bipyrimidal or linear depending on the local co-
ordination around the element considered. Generally the
8-N rule is applicable and the co-ordination of Ge = 4,
Te = 2 and Sn = 4 in our sample. As the composition of a
series of glasses is varied, the average co-ordination num-
ber changes and the glassy network moves through topo-
logical or rigidity thresholds. For average co-ordination
numbers 〈r〉 less than 2.4 the glass is �oppy and poly-
meric. At 〈r〉 = 2.4 which is the value at the rigidity
percolation threshold (RPT), it is expected to change
from �oppy to rigid according to the theory of Thorpe.
Generally compositions of the glasses studied are varied
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in such a way that the series spans the RPT so that the
e�ect of the percolation thresholds can be studied.
The present work reports electrical resistivity measure-

ments on bulk ternary Ge15Te85−xSnx glasses at high
pressure as a function of the percentage content of tin
and attempts to understand the e�ect of the addition of
tin to the parent binary Ge�Te glass.

2. Experimental procedure

Bulk semiconducting glasses of a Ge15Te85−xSnx sys-
tem with 1 ≤ x ≤ 5 were synthesized by the conven-
tional melt quenching technique. High purity (99.999%)
constituent elements of Ge, Te, and Sn in desired propor-
tions were weighed with an accuracy of ±0.1 mg and were
taken in �attened quartz ampoules of about 1 mm wall
thickness. The constituents were evacuated to a vacuum
better than 10−6 mbar and sealed. The sealed ampoules
were loaded in a horizontal rotary furnace and were
heated to 1000 ◦C at the rate of about 100 ◦C/h. The am-
poules containing the melt were kept under continuous
rotation for about 36 h at 10 rpm to ensure homoge-
nization and the ampoules were subsequently quenched
in a bath of ice-water and NaOH mixture to obtain bulk
glasses. The amorphous nature of the as-prepared sam-
ples was con�rmed by X-ray di�raction (XRD) method.
The electrical resistivity measurements at high pres-

sures up to 9.5 GPa have been undertaken in a Bridg-
man opposed anvil cell, which works on the principle
of massive support [23] with a working face diameter of
12 mm at room temperature. The design of the anvil
is as reported in Ref. [24] and anvils are made of tung-
sten carbide and provided with binding rings made up of
EN24 alloy steel. Pyrophyllite gaskets of 0.35 mm critical
thickness were used in split gasket con�guration. Steatite
was used as the quasi-hydrostatic pressure-transmitting
medium and in situ pressure calibration was achieved by
using bismuth (Bi) as the calibrant [25]. Samples of ap-
proximate dimension 2 mm × 1.5 mm × 0.4 mm were
used for the present measurements of resistivity under
pressure. A two-probe method was employed for the
electrical measurements, a current of 50 nA was passed
through the sample using a constant current source and
the voltage across sample was measured using a Keith-
ley 614 nanovoltmeter. The error in the measurement of
resistance was less than ±0.06% at ambient pressure and
the normalized resistivity avoids any errors arising from
the measurement of the thickness of the sample. The er-
ror in the measurement of pressure was of the order of
±2% or around 0.08 GPa. The samples were recovered
from the pressure cell after being subjected to high pres-
sures in some experiments. In these experiments, NaCl
was used as a pressure transmitter and the sample after
the high pressure cycle was collected by dissolving NaCl
in distilled water. X-ray di�raction studies on the recov-
ered samples were carried out to �nd the structure of the
high pressure phase.

3. Results

Figure 1 shows the variation of normalized elec-
trical resistivity (ρ/ρ0) with pressure in the samples

Ge15Te85−xSnx with 1 ≤ x ≤ 5 for the entire series.
Here ρ0 is the resistivity at ambient pressure and is of
the order of 106 Ω cm. The entire series of samples show
a similar behavior under the application of pressure and
it is evident from Fig. 1 that the normalized electrical
resistivity decreases continuously with increase of pres-
sure in the beginning and shows a sudden large abrupt
decrease at a particular pressure (transition pressure PT)
to near metallic values. Further increase in pressure be-
yond this results in a slow decrease in the resistivity val-
ues. The sudden fall in resistivity, indicates the presence
of semiconductor to near metallic transition with the near
metallic values being obtained around 1.5�2.5 GPa.

Fig. 1. Variation of the normalized electrical resis-
tivity with pressure for Ge15Te84Sn1, Ge15Te83Sn2,
Ge15Te82Sn3, Ge15Te81Sn4 and Ge15Te80Sn5 glasses.

Fig. 2. (a) Variation of transition pressure with per-
centage content of Tin in Ge15Te85−xSnx glasses.
The continuous line is a guide to the eye. (b) Varia-
tion of transition pressures (at which the transition is
complete) with Percentage content of tin. The straight
line is least square �t to the data points.

Figure 2 shows the variation of transition pressure as
a function of percentage content of tin containing both
the starting values as well as the ending values of the
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transition. The transition pressure is seen to decrease
with increase in tin content. Figure 2b shows the varia-
tion of pressures at which the transition is complete and
near metallic values have been observed as a function of
percentage content of tin.
Figure 3 shows the XRD pattern of representative sam-

ples recovered after applying pressure up to 9.5 GPa.

Fig. 3. XRD pattern of representative samples
(Sn1 and Sn3) recovered after pressurization.

Fig. 4. Variation of normalized resistivity with
pressure of representative samples (Ge15Te84Sn1 &
Ge15Te84Sn5) when the pressure was decreased from
9.5 GPa to atmospheric pressure.

Figure 4 shows the variation of normalized resistivity
as a function of pressure when the pressure was decreased
from 8 GPa to atmospheric pressure compared with the
values for the compression cycle.
Figure 5 shows the variation of normalized resistivity

with percentage content of tin at a constant pressure of
1.3 GPa.

Fig. 5. Variation of normalized resistivity with per-
centage content of tin at a constant pressure of 1.3 GPa.
The continuous line is a guide to the eye.

4. Discussion

The variation of normalized electrical resistivity with
pressure of the samples in the entire series is shown
in Fig. 1. Initially, the resistivity decreases with the in-
crease in pressure, then shows a sudden drop to near-
metallic values around 1.5�2.5 GPa and then continues
being near metallic up to 9.5 GPa. The near metallic
high pressure phase has values of resistivity of the or-
der of 10−2 Ω cm. For the state to be called metallic,
the resistivity has to fall below Mott's maximum metal-
lic resistivity [26], and the above value is about an order
of magnitude higher, and hence is termed near metallic.
The parent binary glass to our present samples is Ge�Te
and these have been seen to undergo a sudden semicon-
ductor to crystalline transition under the application of
pressure [15]. On the addition of Sn atoms to this matrix,
Sn atoms replace Te in the network and can form addi-
tional Sn�Te, Sn�Ge, and Sn�Sn bonds. These tin atoms
can bond with Te and increase the network connectiv-
ity as 4 coordinated tin is replacing 2 coordinated Te.
If this were to happen, the system would move through
percolation thresholds as the average coordination and
the rigidity of the network increase in consonance with
increasing Sn percentage. This increase in rigidity should
contribute to an increase in the transition pressure with
increase in Sn content. The transition pressure PT is
seen to decrease with increasing Sn concentration in the
series of samples studied. Electrical switching as well as
thermal stability [27] and other studies on this series of
samples indicate that Sn (tin) atoms do not interact with
the host matrix but form a phase separated network of
their own and remain as inclusions in the parent matrix.
Consequently, there is no enhancement of network con-
nectivity and rigidity and this is re�ected in the decrease
in switching voltages with the addition of tin rather than
an increase. The decrease in the switching voltages has
been attributed to the increasing metallicity of tin as
compared to Te.
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The decrease in PT, the transition pressure, with in-
crease in Sn content (Fig. 2) is also due to the increasing
metallicity of Sn as compared to the Te that it replaces.
The e�ect of pressure on a glassy chalcogenide is to com-
press and shorten the bonds of the network in the glass.
This decrease in interatomic distance increases the mobil-
ity of the electrons and reduces the bandgap. This results
in increased conductivity or in other words a decrease in
the resistivity at higher pressures. A sudden transition
in the normalized resistivity to near metallic values can
occur in two ways. One is because of a structural phase
transition from amorphous to crystalline phase where the
crystalline phase has very low resistivity. The second is
due to a sudden closing of the band gap due to pres-
sure with the conduction and valence bands meeting at
some points. Various models have been proposed for the
band structure of semiconducting glassy chalcogenides.
The Marshall and Owen model [28] describes three types
of states in these systems � non-localised states in the
valence and conduction band, localized states at the band
tails and localized defect states in the middle of the band
gap near the Fermi energy. Increasing pressure reduces
the band gap and metallization occurs when the gap be-
tween these three types of states is closed. In a network
glass, if the rigidity increases, more pressure is needed to
compress the system to the same point and produce the
decrease in the energy gap. Hence the pressure needed
to induce the transition to metallic state increases with
increasing rigidity.

On the other hand, if tin is entering as an inclusion and
is phase separated, these will introduce defect-like states
in the gap and contribute to a decrease in the transition
pressure. Since Sn is more metallic than Te, this will also
contribute to a decrease in the transition pressure.

Both the beginning of the transition (Fig. 2a) and the
end of it (Fig. 2b) are nearly straight lines pointing to a
nearly inverse linear correlation between tin content and
the transition pressure. A decrease in transition pres-
sure with the additive (thallium) content was observed
in Ge�Te�Tl glasses also [22] but the beginning of the
transition in the Tl containing glasses did not show a
linear correlation as seen in the glasses containing tin.

In an attempt to look at the origin of the transi-
tion, some representative samples were recovered after
the pressurization cycle and their XRD was taken as
shown in Fig. 3. The XRD clearly shows that the sam-
ples remain amorphous when they are decompressed after
undergoing a high pressure transition to the near metal-
lic state. The semiconducting to near metallic transition
may be taking place either due to crystallization as the
pressure is increased or because of the reduction in the
energy gap due to the application of pressure. In the
�rst case, the high pressure phase is crystalline and in
the second case, the high pressure phase is likely to be
amorphous. The behavior of the samples when the pres-
sure was reduced from 9.5 GPa to atmospheric pressure
was probed and representative curves are shown in Fig. 4.
These clearly indicate that the semiconductor to near

metallic transition is exactly reversible with the removal
of the pressure. The chalcogenide glasses Ge�Te [15] and
Ge�Tl�Se [21] have also shown a discontinuous glassy
semiconductor to crystalline transition under the appli-
cation of pressure; however, they do not revert back to
the amorphous phase on removal of pressure but con-
tinue to remain in the crystalline phase. The fact that
the samples in the present study remain amorphous even
after undergoing a compression decompression cycle sup-
ports the idea that they remain amorphous in the high
pressure phase, too, indicating that the transition is due
to the reduction in energy gap under high pressure rather
than a phase change from amorphous to crystalline. X-
ray crystallography of the samples under high pressure
may be needed to con�rm the phase of the sample at
high pressure.
Electrical switching in glassy chalcogenides can oc-

cur in two di�erent ways and are classi�ed as memory
type switching and threshold type switching. In the
case of memory switching, the sample switches from a
high resistance amorphous phase to a low resistance crys-
talline phase on the application of increasing electric �eld.
On the removal of the �eld, the sample continues to re-
main in the low resistance crystalline phase. In the case
of threshold switching, the sample goes from high re-
sistance to low resistance on the application of an elec-
tric �eld and then returns to the high resistance state on
the removal of the �eld i.e. the switching is reversible.
The Ge�Te�Sn samples undergo memory type of switch-
ing [27] which indicates that amorphous to crystalline
phase transition takes place easily in these samples. How-
ever, the semiconductor to near metallic transition ob-
served under the application of pressure seems to be re-
versible with its origins in the reduction of the energy
bandgap rather than a structural phase change.
As mentioned before, chalcogenide glasses have been

observed to show evidence of percolation thresholds [29�
31] as a function of composition or increasing co-
ordination number. The present Ge�Te�Sn samples do
not exhibit this in their switching behavior. A plot of
the normalized resistivity as a function of Sn content at
a constant pressure of 1.3 GPa, shown in Fig. 5, also does
not reveal the presence of percolation thresholds and is
in agreement with the switching studies.

5. Conclusions

Bulk Ge�Te�Sn glasses are found to exhibit a sud-
den transition in their normalized electrical resistivity
as a function of pressure undergoing a semiconductor to
near metallic transition at pressures around 1.5�2.5 GPa.
The transition pressure decreases with increasing tin con-
tent due to the increased metallicity of Sn compared
to Te. XRD studies indicate that the samples remain
amorphous even after a compression decompression cy-
cle. The transition is exactly reversible, and provides an
indication that it may be arising due to a reduction in
the band gap due to pressure.
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