Volume 5, number 7,8

MATERIALS LETTERS

July 1987

SOME CONSIDERATIONS ON ELECTRICAL CONDUCTION
AND THE SWITCHING PROCESS IN CHALCOGENIDE GLASSES

E. MARQUEZ, P. VILLARES and R. JIMENEZ-GARAY

Departamento de Fisica, Facultad de Ciencias, Universidad de Cddiz,

Apartado 40, Puerto Real, Cddiz, Spain

Received 8 April 1987

Some electrical and switching properties characteristic of chalcogenide glassy semiconductors, obtained by the melt-quench
method, were analyzed. A theoretical relationship was found between steady-state current increase and voltage, and was con-
firmed experimentally. The influence of temperature on chmic resistance and threshold voltage was also researched. Lastly, a
correlation between structural and electrical aspects was attempted, and the electrical resistivity values for the two glassy compo-

sitions studied were justified.

1. Introduction

It is a well-known fact that glassy semiconductors
exhibit some interesting electrical properties, the
most remarkable of which is the reversible switching
effect [1-4]. The influence of the addition of metal-
lic elements (Ag and Cu among others) on the phys-
ical properties of chalcogenide glasses has also been
analyzed, and the subsequent increase in electrical
conductivity was found to be advantageous for both
the electrical characterization of these materials and
their technological applications in the field of elec-
tronic devices [5].

In this paper, some electrical properties of the
chalcogenide glassy alloy Asgq0S€530Teg30 and the
“metallic” chalcogenide glassy alloy Cug | 5AS0.355€ 50
are analyzed. The electrode configuration used in this
work is a double point contact on a surface (inter-
electrode distance was approximately 1.1 mm). In
this way, the previous study on the electrical prop-
erties of these semiconducting alloys [6,7] is com-
pleted. With this aim in mind, the relation between
increase in steady-state current and applied voltage
has been determined for Cug sASy3sS€ps0. The
influence of temperature on threshold voltage, ¥y,
and ohmic resistance, Rp, has also been studied for
Aso.405€0.30T€0 30. Finally, a justification of the val-
ues for electrical resistivity at room temperature has

been attempted, based on the ionization energy of
the different covalent bonds in the material.

2. Experimental

The bulk glasses studied were obtained using the
usual melt—-quench method [3]. The structural char-
acterization of the material was done by X-ray dif-
fraction and by differential scanning calorimetry
(DSC), and the non-crystalline nature of the ingots
was thus confirmed. The samples were prepared for
carrying out the electrical measurements by embed-
ding the fragments of the ingot in an epoxy-type resin,
and polishing them until mirror-like surfaces were
obtained.

The characteristics of the device used in these
experiments are described elsewhere [8]. In order to
carry out the measurements at different tempera-
tures, the device was put into a cylindrical furnace,
and its temperature was regulated by a temperature
controller of +0.5°C precision (Omron E5K). The
temperature range studied for each composition is
between room temperature and approximately 30°C
below the glass transition temperature. V,, was
determined by the following criterion: threshold
voltage is the first voltage that originates switching,
when pulses of increasing amplitude, with a width of
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50 s and an interval of 10 min are applied. All meas-
urements were carried out on virgin surfaces (in the
dark and in air), and no trace of oxidation was found
in the material.

3. Results and discussion

3.1. Relationship between increase in steady-state
current and applied voltage

The I(¢t=0)-F characteristics of Cug 5ASg 355€0 50
exhibit non-ohmic behaviour, the dependence of
electrical resistance on voltage being of the type [6]

R(V)=Rq exp(-VIVy) . (1)

When a pulse is applied to a sample of these char-
acteristics, current is increased as a result of Joule
self-heating. Current increase, Al ( V, ), for voltage
V at instant ¢, is given by the expression [3,6]

ALi(V,0y=AL(V,0) [ 1 —exp(—t/tw)], (2)

T,, being a time constant which characterizes the
thermal process originated, and AL(V,00) the
steady-state current increase. Table 1 shows some of
the experimental values of the current at the initial
instant, 7(V,0), the steady-state Joule current
increase, and the electrical conductance increase,
AG,y(V,00), which is a consequence of the temper-
ature increase in the material, and which originates
said current increase. The experimental results cor-
respond to a temperature of 26°C.

Table 1

Some values of initial current, steady-state current increase and
electrical conductance increase together with their correspond-
ing voltages

Applied Initial Current Conductance

voltage current increase increase

V(V} I(v.0) Al (V,00) AGu(V,00)
(nA) (nA) (n3)

110 6.63 0.76 6.9

120 7.51 1.12 9.2

140 10.21 1.62 11.6

150 11.79 1.91 12.7

160 13.23 2.42 15.1

200 17.83 4.48 22.4

220 22.04 6.15 28.0
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In order to theoretically find a relationship between
steady-state current increase and applied voltage, the
steady-state thermal balance equation was taken first
(it is assumed that the sample is heated in a uniform
manner)

VI(V,00) =Kn(T-Ts) , (3)

K., being the thermal conductance of the system, and
T, the ambient temperature. The relation between
electrical conductance and temperature, character-
istic of this type of material, has also been taken into
account (this relationship is analyzed in the next
section)

crn=cmes| (L1 @

here AE, is the activation energy for the electrical
conduction process, kg is the Boltzmann constant and
G, is the electrical conductance at ambient temper-
ature. Also, according to eq. (1),

G.(V)=Ga(T,) exp(VIVy) .

From what is left for the deduction of the relation-
ship between Al;(V,c0) and V, only the depen-
dence of electrical conductance on temperature is
considered (the experimental results analyzed cor-
respond to applied voltages lower than V;). From
eq. (4), the expression for the increase in current may
be deduced, as a function of temperature in the
sample

AL (V, Ty =1(V, Ta){exp[AIi" <TL_%")] _1} )

(3)

By solving this equation in temperature, and intro-
ducing it into expression (3), one obtains the tran-
scendent equation

Xa V3G,
w1 )= ©

in which a=1+AlL4(V,0)/ VG, and x,=AE ,/kgT,.
If one introduces the functions

X,
V. -3
Fi(V.Alw) = =

and
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Fig. 1. F\(V,Aly) versus Fo(V,AlLy) (the values correspond to
a temperature of 26°C).

VG,

F2(V,Al) ==

@,

eq. (6) changes to
K (F\(V,ALg) = 1) =F(V,ALy) . (7)

Fig. 1 represents F,(V,Aly) versus Fyo(V,AlLy). It
shows good agreement between the experimental
results and functional model (7) (the correlation
coefficient corresponding to the regression analysis
15 0.995). For the evaluation of F; and F, it has been
taken into account that the ohmic resistance at 26°C
is 14 MQ. From a regression analysis, one deduces
that K;,=1.0 mW K~ !, The agreement of the exper-
imental values with eq. (7) confirms that current
increase is a consequence of Joule self-heating asso-
ciated to electrical excitation.

3.2. Influence of temperature on ohmic resistance
and threshold voltage

3.2.1. Roversus T

Fig. 2 shows the values of ohmic resistance at dif-
ferent temperatures, on a semilogarithmic scale, for
ASp.405€0 10T€030. The relationship which fits the
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Fig. 2. Ohmic resistance versus inverse temperature (semiloga-
rithmic scale).

experimental results (r=0.991) is of the Arrhenius
type (characteristic of thermally activated processes)

Ro(T)=R, exp(AE,/kgT) . (8)

The values of R, and AE,, are 0.22 Q and 0.56 eV
respectively. According to eq. (8), one establishes
that the electrical behaviour of Asg.,Se.30T€0 30 at
low voltages (at which it obeys Ohm’s law) is char-
acteristic of intrinsic semiconduction. Therefore,
electrical conduction is due basically to the excited
carriers, which are in the non-localized or extended
states belonging to the conduction band of the glassy
semiconductor [9]. From the value obtained for the
activation energy, one deduces that the width of the
mobility gap is 1.12 eV.

322 V, versus T

The experimental values of threshold voltage at
different temperatures have been found to fit the
functional model

Vi(T)=C, exp[Co(T,—-T)] , (9)

where C, and C, are two parameters, and T, the glass
transition temperature for the semiconducting alloy.
The value of T, for AsgseSepoTeys0 IS approxi-
mately 133°C (deduced from the DSC curve). Fig.
3 shows the results obtained by measuring the
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Fig. 3. Threshold voltage versus the difference between glass
transition temperature and ambient temperature (semiloga-
rithmic scale).

threshold voltage at different temperatures, for
Asp .405€0.30T€0.30. Vi, versus T, — T is represented on
a semilogarithmic scale. From a regression analysis
one obtains C,=0.023 K~'! (r=0.992). This value
is similar to that found for other chalcogenide glassy
systems, when the double point contact electrode
configuration is used for electrical stimulation
[10,11]. Therefore, this result may be a general
characteristic of this kind of material. Also, the rela-
tionship mentioned in this paper between V,, and 7
is verified in those cases where an explanation of a
basically thermal nature is proposed for switching
(positive feedback mechanism) [3]. On the other
hand, relationship (9) is of great interest for man-
ufacturing switching devices based on these mate-
rials, as it allows one 1o predict in a simple way the
dependence of threshold voltage on temperature.

3.3. Correlation between glassy structure and
electrical conduction

The addition of Cu to glasses of the As-Se binary
system reduces electrical resistivity remarkably (the
values at room temperature are 2.5 10" Qcm [12]
for As,Se; and 7.9x 10° Q e¢m for Cug ,sASg 159€0 50
[13]). This is explained by the formation of Cu-As
and Cu-Se covalent bonds, which have a lower ion-
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ization energy ( <1.7 ¢V and < 1.2 eV, respectively)
than the As—Se (1.7 eV) and Se-Se bonds {2.1 eV)
[12]. Electrical resistivity at room temperature for
Asg 405€0.30Teg 3015 1.8 X 107 Q cm [ 14]. In this com-
position, the type of covalent bond which contrib-
utes most to the carrier generation process is the
As-Te bond (0.9 eV), which has the lowest ioniza-
tion energy of those present in the alloy.

In order to justify the fact that the electrical con-
ductivity at room temperature for Cug 5AS80355€0 50
is higher than that of Asg 4Seq 30Teg 30, the number
of bonds in 100-atom samples of each of the alloys
has been determined. Assuming 3-coordination for
As and 4-coordination for Cu [15], and considering
the hypothesis of equiprobability of the different
types of covalent bonds, the result, according to ref.
[16], is that there are 30 Cu~Se type and 21 Cu-As
type bonds, while there are only 36 As-Te type bonds.
Therefore, the larger number of Cu~X bonds (X =As,
Se), compared to the number of As-Te bonds, can
explain the higher electrical conductivity of the chal-
cogenide-metallic alloy.
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