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Abstract

The off-state direct current -V characteristics for
glassy alloys As,, Se;,Te,, and As,,Ses Te;, at differ-
ent temperatures were studied. For this study of elec-
trical conduction properties, two kinds of electrode
configurations were used: a double-point contact on
one surfuce and a sandwich device. It was found that
current flow can be space-charge limited, producing
non-ohmic behaviour, which in turn reflects on the
electrical switching effect that the materials exhibit.
The influence of the selenium content on the electri-
cal properties was also studied. The experimental
results obtained were compared with those in the
literature, and the differences justified by the method
of material preparation. Lastly, the dependence of
ohmic resistance on temperature was analvzed, and
the characteristic behaviour of intrinsic semiconduc-
tion observed.

1. Introduction

During the past few years, a remarkable experi-
mental effort has been made, aimed at charac-
terizing the electrical properties of a large variety of
chalcogenide glasses [1]. The main reasons for this
attention is the discovery of reversible electrical
switching, a phenomenon of great technological
interest [2, 3]. However, in spite of the abundance of
experimental results, there is still a demand for
information on specific aspects of bulk samples of
these materials, such as non-linear off-state /-V
characteristics, which show the presence of very
important electronic processes. Some of the basic
processes are space-charge limited current [4] and
field-assisted release of carriers from shallow trap-
ping levels 3, 6).

The aim of this paper is to determine experi-
mentally the direct current (d.c.) current-voltage
characteristics, at different temperatures, of the
glassy alloys As,,Se; Te;, and As,,Ses, Tes,. These
are interpreted using an electronic conduction
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model. To carry out a more complete study, two
types of electrode system were used: one consisting
of two-point contacts the other of sandwich-type.
The influence on electrical switching of the elec-
tronic etffects which cause non-ohmic behaviour in
the pre-switching region, and the effect of an
increase in selenium content on electrical proper-
ties, were also studied.

2. Experimental procedure

The samples were prepared using the melt-
quench method in a mixture of water and ice [7].
The glass ingot thus obtained was broken up, and
the pieces were inlaid in epoxy-type resin. After-
wards, the samples were polished with 0.3 4m and
0.05um alumina powder until mirror-like surfaces
were obtained. Non-crystallinity was tested by
X-ray diffraction. The well-defined peaks charac-
teristic of crystalline materials were absent.

The glassy-forming region of the As-Se-Te
system can be divided into two zones: one that does
not crystallize with differential thermal analysis
(DTA) and one that does [8]. The alloys studied are
located in the crystallization zone, although they are
very close to the limit between the zones. A charac-
terization of the samples through calorimetry
(DSC-2 Perkin-Elmer) was also carried out. Figure
1 shows, as an example, the thermogram for glassy
alloy As,,Se; Te;,. The heating rate was 1.25°C
min~', and 20 mg of powdered sample were used.
The thermogram shows glass transition (7, =
125°C), and also three exothermic crystallization
peaks, the first two overlapping. Three endothermic
peaks also appeared, and the first two of these over-
lapped.

Two electrode devices were used to obtain d.c.
I-V characteristics. The characteristics of the one
with two contact points are described elsewhere [9].
Its electrode material is tungsten, the distance
between the points is about 3.0 mm, and the curva-
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Fig. 1. Thermogram for glassy alloy As,,Se;,Tey, (heating
rate was 1.25°Cmin '),

ture radius of the electrode tip is approximately 20
um. In the sandwich-type device, the electrode
material is silver paste, and the glass sample is 1.9
mm thick. Rectangular voltage pulses, of increasing
amplitude and width 60 s, were used (power supply,
HP6521A). After electrical stimulation, the sample
was allowed to cool, to recover its initial resistance.
An electrometer (Keithley model 602) was used to
measure the current. In the experiments with the
device with point contacts, at different tempera-
tures, a furnace was adapted to it, with a tempera-
ture controller (OMRON E 5K) with an accuracy of
+0.2°C. To measure temperature, a chromel-alu-
mel thermocouple was used. For the sandwich
device, the thermocouple was located in the sample
holder of the calorimeter, so temperature regulation
was carried out precisely by the controller of this
apparatus. Through this unusual use of the calori-
meter, it was possible to measure the heat emitted
by the device when the current passed through the
sample.

3. Results and discussion

3.1. D.C. I-V characteristics at different tempera-
tures

To determine accurately the current at =0 (the
instant at which electrical stimulation is applied),
the values of the current at different instants, during
electrical stimulation, were adjusted to the pheno-
menological time dependence characteristic of this
type of material [10)]

[, V;T)=10, V. T)

+AI,H(00,V;T)(1—exp(C;)) (1)

th

where §; is a time constant which characterizes the
thermal process that takes place and Al (o, V;T)
is the current increase resulting from the Joule
effect, in the steady state, for voltage ¥ and temper-
ature 7. In this way, by taking /= 0 in this functional
model, the initial current, with applied voltage V
and temperature 7, [0, V; T'), is determined. By
this procedure, Joule self-heating and the effects
derived from an increase in the temperature of the
sample are avoided. So the electronic effects exist-
ing in high-field electrical conduction, which cause
non-ohmic behaviour in the pre-switching region,
can be isolated [7, 10].

Figure 2 shows the off-state /-1 characteristics
at different temperatures for alloys As,Ses,Tes,
and As,Ses Te;,. In the interest of clarity, only a
few of the temperatures studied are shown. The vol-
tage range analyzed is limited, obviously, by the
threshold voltage or minimum voltage at which
switching is generated, and the highest voltage
applied was, in all cases, below 1 kV, since that is the
maximum for the power supply used.

3.2. Interpretation of off-state non-linear 1-V
characteristics
The above results fit the functional dependence

o, v, T>=GQ<T>Vexp[;f—T)] @)
which can be rewritten as

[ 4
G(Y, T)—GQ(T)GXP{W} (3)

where G is the electrical conductance, G, is the
ohmic conductance and V,, is a parameter which
depends on temperature. For both alloys, and at all
temperatures, regression analysis gave a correlation
coefficient superior to 0.99, which shows a high
degree of reliability. Equation (3) may correspond
to the single-carrier space-charge limited current
flow (SCLC) model, with a Fermi level in a uniform
trap distribution [11], and the model corresponding
to field-assisted carrier release from shallow trap-
ping levels. In this last mechanism, at sufficiently
intermediate voltages, the electrical conductance
expression is of the type [6]

sinh(reV/kg TL)

GV, T)=Gq(T) (reV/ky TL)

(4)

where ris the effective radius of the trapping centre,
ky is the Boltzmann constant, ¢ is the electronic
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Fig. 2. Current-voltage characteristics at different tempera-
tures. in a double-point contact configuration for: (a) alloy
As,, Seq, Tes,: (b alloy As,,Ses, Tey,.

charge and L is the interelectrode distance. This
expression, at sufficiently high voltages, and con-
sidering a square-well-type trapping centre,
becomes eqn. (3)[6]. In this conduction mechanism,
the expression of 1 is

L _ kT 5
¢ a(T)e (

in which a(T') is the temperature-dependent activa-
tion distance, and eqn. {3) is valid for voltage values
higher than parameter V. (According to this
mechanism, transition to ohmic behaviour takes
place at voltages Vs V,.) However, the values of 1
determined by adjusting the experimental data to
eqn. (3) are remarkably higher than the applied vol-
tages, which 1s inconsistent with the necessary con-
ditions for the application of eqn. {3).
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On the other hand, when the experimental values
are adjusted to eqn. (4), the fit is worse than that
found for the functional dependence of eqn. {3); i.e.
the electrical conductance expression correspond-
ing to the conduction model associated with carrier
release from shallow traps at intermediate voltages
is not valid either. Besides, returning to eqn. (5), as
the experimentally-found dependence between V|,
and T is linear, the existence of an activation length
dependent on temperature, as predicted by the
carrier release model, would not be possible in
these conditions. However, this experimentally-
determined V-7 dependence agrees with that for
the SCLC model. Also, the value of a{T ) deter-
mined through the experimental results corre-
sponding to the present work is approximately 178
A, and this is much higher than those quoted in the
literature (the highest is 40 A, and corresponds to
the lowest of the temperatures, 7= 60 K, as a(7T")
decreases when temperature increases) [6]. Another
interesting case, within the carrier release mecha-
nism from shallow traps. is the coulombic centre,
whose behaviour at high voltages is the familiar
Poole-Frenkel effect. The dependence between
electrical conductance and voltage is, in this effect

VLT

GUV.T)= Gl Trexp| ™ i (6)
B

in which g is a parameter which depends on the di-
electric constant of the material. As in eqn. (4), the
adjustment of the experimental data to the func-
tional form of eqn. (6} is inferior to that found for
eqn. (3). As a consequence of this analysis, the
experimental results will be discussed in terms of
the SCLC conduction model, as the evidence pre-
sented allows hope for the validity of this model for
the glassy alloys under study.

Figure 3(a) shows, on a semi-log scale, the nor-
malized experimental values for alloy As,,Se; Tey,
using point contacts, ie. representing G(V. T )/Gq
vs. V/V,(T), so all points are adjusted to the same
line. The same figure shows the non-normalized
results for a temperature of 83°C. Figure 3(b)
shows the normalized values for alloy As,,Ses, Tey,
and the non-normalized values for a temperature of
90°C. As in the double-point configuration, the
experimental values for the sandwich configuration
fit the functional dependence of eqn. (2); ie. the
SCLC electrical conduction model may also be
valid. The distribution of the localized states in the
pseudo-gap is not. therefore, of the exponential
type proposed by Hulls and McMillan for bulk
samples of binary glasses obtained from the
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As-Se-Te system [12]. Moreover, their experiments
also showed that when copper or silver were used,
there was no ohmic contact {there is no charge
reserve, in the semiconductor-electrode interface,
that could be injected into the appropriate band by
applying an electric field), whereas there was with
gold. In the present work, silver was observed to
make good electrical contact, as non-linear cur-
rent-voltage characteristics were found (these con-
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Fig. 3. Normalized electrical conductance G/Gg, vs. nor-
malized voltage V/V, at different temperatures for: (a) alloy
AsyeSeznTey; (b) alloy As, Ses, Tes,

stitute experimental proof of the existence of ohmic
contact, if we admit that the SCLC conduction pro-
cess can take place).

The dependence of parameter V), on tempera-
ture, for alloy As,,Se;, Te,, is shown in Fig, 4. It
may be noted that there is a linear relationship
between both parameters in the temperature range
studied (between room temperature and approxi-
mately 30°C below glass transition temperature, to
prevent the self-heating associated with electrical
stimulation from giving way to exceeding tempera-
ture 7,). The relationship between V, and 7 in the
case of single-carrier SCLC, in a semiconductor
whose distribution of localized states in the mobility
gap is uniform, is of the type [11, 13]

1%
Vo=eNky T— (7)
e

where N, is the density of the traps and ¢ is the di-
electric constant. From the slope of the line repre-
sented in Fig. 4, whose value is 5.05 V K™, and
bearing in mind that ¢=17.7 (CGS units) [14],
N,=7.2x10"%eV~! cm™ 3. This density is similar to
the value found by Hulls and McMillan for thin
films of the glass Sey,Te,, [12]). However, the density
of the traps might be underestimated; as the values
for V, are so high and the voltages applied are
below 1 kV, the non-ohmic effects are not very
relevant, so might be somewhat masked by experi-
mental errors. Furthermore, the simplifying hypo-
theses in the deduction of eqn. (2) may have
contributed to the underestimation of N, [15]. Para-
meter ¥, was independent of the selenium content,
a fact which results in similar trap densities for both
alloys. Work by Owen and Robertson [13] includes
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Fig. 4. Dependence of parameter V, on temperature for
alloy As,,Se;,Te;, in a sandwich configuration.



a figure similar to Fig. 4, which was originally con-
sidered evidence in favour of the SCLC model;
however, misgivings arose as to its applicability,
since the line does not intersect zero, as it should do
according to eqn. (7). This is not true for the alloys
studied, in which intersection with the V, axis is
practically null, and so verifies the relationship
between V, and 7 for the above-mentioned model
within the temperature range under study.

3.3. Other considerations on electrical conduction
and its influence on the switching process

The relationship between ohmic resistance R,
and temperature was also studied. Figure 5 shows
the experimental results for glassy alloy
AsSeq Te,y, with a sandwich configuration. The
functional dependence which the experimental
values fit is characteristic of intrinsic semiconduc-
tion
AL

Ro(T)=R, exp rl (8)
B

where A E'is the activation energy for the process of
electrical conduction. The value found for AL is
0.67 eV, slightly higher than determined by other
procedures [16]; this is a consequence of the diffi-
culties in the study of non-ohmic effects. Further-
more, by taking the value of R,. the area of the
cross-section and the thickness of the sample, a
value for g, close to 107 Q7' em ™! is obtained.
According to Mott and Davis [17], this means that
electrical conduction, in the low-voltage off-state
region, arises from the transition of carriers to
extended states, generated by thermal excitation.
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Fig. 5. Semi-logarithmic scale representation of ohmic
resistance vs. temperature inverse for alloy As,,,Se Tey,
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The reduction in the selenium content of the
alloy reduced electrical resistance. This can be
explained by the appreciable increase in the number
of As-As and As-Te bonds found through structu-
ral analysis of these glassy alloys |18, 19]. These
bonds are easily ionized (ionization energy is 1.2 eV
and (1.9 eV respectively [8]) and so contribute con-
siderably to the generation of charge carriers. The
total number of bonds in the glass is related 1o the
mean co-ordination number of the structure, which
is 2.4 1 0.1 for alloy As,Sey Tes, and 2.1 £0.1 for
alloy As,,Se;, Te,. which means that when the sele-
nium content is increased, the total number of
bonds decreases.

One important consequence of the electrical
behaviour found is that the nature of the switching
phenomenon in the alloys studied has an electronic
contribution, as the non-linear /-1 characteristics
show. That is to say, although the switching process
in these bulk samples is of a basically thermal origin
(Joule self-heating and the inability to evacuate heat
are mainly responsible) [7], the existence of non-
ohmic effects implies that the phenomenon may be
explained by the electrothermal theory [20]. This
model predicts a lower threshold voltage than that
corresponding to the strictly thermal theory, as
electrical power in the presence of non-ohmic
effects, [ V2/Rgl 1)) exp{ V/V, ), is higher than ohmic
electrical power, V=/Ry( T .

4, Conclusions

Regression analyses show that all the results are
reliable and constitute data which may shed light on
the electronic processes in this type of non-crystal-
line solid. It has also been shown that the experi-
mental results obey some of the relationships
predicted for the SCLC model. However, to con-
firm the validity of the proposed conduction model,
it would be desirable to analyze the dependence on
the thickness of parameter V. [According to the
SCLC process, the relationship ought to be of the
type V), L°.) The value for N, found from the V,
expression (eqn. (0}) is reasonable. constituting
additional evidence in favour of the choice of
electronic process carried out. The differences
fourd between the results obtained in the present
work and those found by Hulls and McMillan [12]
can be explained by the differences in the method of
preparation of the glasses, and especially by the
quenching process. The reason for this is the con-
siderable interdependence between the distribution
of localized states and the method of synthesis.
Furthermore, SCLC research has proved ideal for
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studying the distribution of localized states in the
mobility gap of amorphous semiconductors. The
results presented in this work suggest immediate
technological application of these materials in varis-
tor-type electronic devices, owing to their non-
ohmic behaviour and simple manufacturing
process.
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