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The threshold characteristics of a switching device, based on a bulk semiconducting glass sample of composition
Asg405€030T€g 30, have been examined. The experimental results are discussed in terms of the thermal breakdown model. The
relationship between switching delay time and applied voltage is close to that predicted for the limiting case called impulse
thermal breakdown. On the other hand, the dependence of threshold voltage on temperature correctly fits the one
corresponding to steady-state thermal breakdown, confirming the fundamentally thermal nature of the electrical switching
phenomenon. A non-ohmic process has been observed in the glass alloy under study (there are some signs of a space-charge
limited current-type non-ohmic effect), although it does not play an important role in the switching effect. The weak field
ohmic resistance-temperature characteristics are of the Arrhenius-type, an activation energy for the electrical conduction
process of approximately 0.5 eV having been found. Lastly, the complete thermal balance equation has been numerically

solved, and the results show good agreement with the experimental values.

1. Introduction

In all semiconductors or insulators, conditions
may occur in which the self-generated Joule heat
exceeds the capacity of the system to dissipate it.
The current increases with temperature, which
leads to more Joule self-heating and the conse-
quent thermal runaway. Chalcogenide glassy semi-
conductors have large negative temperature coeffi-
cients of electrical resistivity and low thermal con-
ductivities, so thermal runaway must always be
considered as a possible breakdown mechanism in
high electric fields. Even if it is not the dominant
mechanism which gives rise to the switching pro-
cess, thermal effects are likely to be present and
their influence must be understood [1,2].

In the present paper, the switching effect ob-
served in the bulk samples of composition
Asg 405€030T€0 30 1s considered to be due basically
to a thermal breakdown mechanism [3-9]. For
this reason, the material has been systematically
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characterized in terms of the thermal runaway
process; in order to do this, the switching proper-
ties have been compared to the functional forms
for the proposed mechanism. The current-voltage
characteristics in the high-resistance state, or
OFF-state, have been experimentally determined,
to find the dependence of resistance on voltage,
indicating the presence of non-ohmic electronic
processes [10--13]; the relationship between low-
voltage ohmic resistance and temperature has also
been studied.

The new features of this basically thermal anal-
ysis are:

(1) The study of the relationship between
switching delay time and applied voltage, at dif-
ferent ambient temperatures, comparing the phe-
nomenological dependence found with that pre-
dicted by the proposed physical model (heat flow
is considered to be parallel to the current).

(2) The accurate determination of the threshold
voltage or minimum switching voltage, by extrapo-
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lation to ¢, = oo, from delay time-applied voltage
characteristics, and the study of the dependence of
said threshold voltage on ambient temperature.

(3) The detailed consideration of non-ohmic
electronic effects on the analysis, to determine
their degree of cooperation in the switching pro-
cess (the non-ohmic processes are presented, al-
though those associated with Joule self-heating are
more important).

(4) In order to enrich the analysis, the energy
balance equation has been numerically solved
(without suppressing any of its terms), this being
something unusual in this kind of study.

In this way, a more complete and precise revi-
sion of the switching properties of bulk chalcog-
enide glassy semiconductors has been attempted.
The samples of considerable thickness, i.e., greater
than 100 pm, have been studied much less than
thin films.

Several researchers have studied the As—Se~Te
chalcogenide glassy system [14-18], which has been
found to have very stable switching characteris-
tics, as its elements are electrochemically similar
(the phenomenon of electrolysis in the low-resis-
tance state, or ON-state, is considerably reduced
[19]). However, detailed analyses of the different
switching properties, in bulk samples of this glassy
system, are scarce. In an attempt to complete the
existing information on the As-Se-Te system, the
semiconducting glassy alloy Asg,,Seqs0Te,30 has
been studied.

2. Experimental procedure
2.1. Preparation of the material

The glassy material was synthesized following
the melt-quench method. The raw materials As, Se
and Te were of 99.999% purity, and were ground
and mixed homogeneously in adequate propor-
tions to obtain a total weight of 7 g. The mixture
was introduced into a quartz tube, which was
repeatedly filled with helium and emptied. The
tube was then sealed using an oxiacetilenic blow-
lamp, in order to avoid oxidation.

The ampoule containing the mixture was put
into a furnace at a temperature of 650 °C for 72 h.

Furthermore, this ampoule was continuously
turned at } rpm, to ensure homogenization of the
material. The preparation process ended with
quenching in an icewater bath. The alloy was
taken out of the ampoule in one piece, using a
corrostve hydrofluoric acid-hydrogen peroxide
solution.

2.2. Structural characterization of the material and
preparation of the switching device

The non-crystalline character of the ingot was
checked by X-ray diffraction analysis (Siemens
D500). The X-ray diffraction patterns did not
exhibit the well-defined peaks which signal the
presence of crystalline residues. On the other hand,
the differential scanning calorimetric analysis
(DSC-Rigaku, model CN8059D2) confirmed the
glassy nature of the material. The glass transition
temperature of the alloy under study is approxi-
mately 133° C (the heating rate used to obtain the
DSC curve was 20°C/min).

The samples, in the shape of thick slices, were
inlaid in an epoxy-type resin; the bases were
finished with alumina powder (0.3 and 0.05 pm
grain size). In this way mirror-like surfaces, which
allow good electrical contact, were obtained. For
the preparation of the bulk switching device, silver
paint was used as electrode material. To complete
the sandwich-type device, two thin copper discs
were added, to which the conducting wires were
soldered. The bulk glass sample used as active
material of the device was approximately 3.0 mm
in diameter and about 1.0 mm thick.

2.3. Measurements with rectangular voltage pulses

In order to determine the OFF-state current-
voltage characteristics, and the relationship be-
tween switching voltage and the corresponding
delay time, rectangular voltage pulses of increas-
ing amplitude were used, with a width of 50 s and
an interval, which allowed the sample to cool
down to ambient temperature, after electrical exci-
tation. A memory oscilloscope (Trio, model 1650B)
was used to measure the switching delay times.
Besides, it was not necessary to reach current
values higher than 1 mA to experimentally de-
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termine these delay times, as the time derivative of
the current for lower values was confirmed as
being very high; so at those current levels, the
tangent line in the current-time characteristics is
approximately vertical. The temperature interval
analyzed is between room temperature and about
40°C below the glass transition temperature of
the alloy. A temperature controller of +0.2°C
precision (OMRON, model ESK, type PID), was
used to regulate the ambient temperature in the
experiments.

3. Thermal breakdown

Considering that the only significant loss pro-
cess 1s thermal conduction, the energy balance
equation is given by

C,dT/dr— div(K,(T)gradT) =o(E, T)E?,
(1)

where C, is specific heat per volume unit, o is
electrical conductivity and K, is thermal conduc-
tivity. This is the basic equation in the thermal
breakdown process. Since o and K, are tempera-
ture dependent (the former strongly so) and, in
addition, ¢ may depend on the field, even ap-
proximative analytic solutions of eq. (1) are not
possible for any but the simplest boundary condi-
tions.

The problem of solving the thermal balance
equation can be approached in three different
ways:

(1) Determination of steady-state thermal break-
down, which involves ignoring the time deriva-
tive in eq. (1).

(2) Determination of impulse thermal breakdown
by ignoring the heat conduction term in eq.
D).

(3) Numerical solutions of eq. (1) for simple cases.

3.1. Steady-state thermal breakdown

The bulk glassy semiconductor is considered to
be homogeneous, cylindrical (thickness, 4, and
area of cross-section, S), with a thick covering of
insulator material on the lateral surface, which

constitutes a strong thermal impediment between
the glassy semiconductor and the ambient medium.
If the z direction is taken perpendicular to the
electrode surfaces, then it can be supposed ap-
proximately that all heat flow will be in the z
direction. With these restrictions, eq. (1) is re-
duced to

8/3z(KdT/3z) + 6(3V/3z)* = 0. (2)

It is assumed that z is measured from the central
plane, at which the temperature is by symmetry a
maximum 7. By introducing the electrical con-
tinuity equation, 9/0z(edV/3z) =0, eq. (2)
changes to

3/82(K3T/dz) ~ (1/S)aV/9z = 0. (3)

Integrating eq. (3) from the centre to a variable
plane, the result is

IV/S = f 3/32(KAT/8z) dz = KAT/3z,  (4)

since 07 /0z =0 at z = 0. Integrating eq. (4) from
the centre to the electrode where, according to the
notation used, V=V,/2 and T=T, (V=0 in the
central plane, so ¥, is the interelectrode voltage),
one arrives at

V2=38 fTTm(Kl/o) dr. (s)

In order to make progress, a further assump-
tion is required. It is supposed that a constant
external thermal conductance, A, exists such that
the heat lost, per area unit and time unit, by the
glassy semiconductor surface at T, to ambient
temperature Ty, is given by A(T; — 7). That is to
say, the usual Newtonian expression is used to
formulate the corresponding heat dissipation. In
the steady state, it is verified that

(1/28)Vo =M1~ Ty), (6)

since approximately half of the heat generated by
the current will be lost through each electrode
surface. By combining eqgs. (3) and (6) and in-
tegrating, one obtains

KAT/3z = 2\N(T, — T,)V/V,=0, (7)

as it is considered that V=0 when 07/0z =0.
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Integrating eq. (7) from the centre to the elec-
trode, the following expression results

. K,/dT
MT - T)d/ Vo= [ ¢

1,27
T [ Tm(ZKt/o)dT]
T

(8)

Equations (5) and (8) determine the thermal
breakdown process.

3.2. Impulse thermal breakdown

The opposite limiting case to that of a steady
state, is one in which the thermal conduction
process plays a negligible role. The fundamental
equation (1) then becomes

C,dT/dt=0(E, T)E?, (9)

which determines the critical conditions for im-
pulse thermal breakdown. If the time dependence
of the applied voltage pulse and the dependence
of electrical conductivity on voltage and tempera-
ture are known, eq. (9) can be integrated, giving
way to the relationship between switching voltage
and delay time, #,, or time required for 7, to
exceed the critical temperature T, .. This is the
highest temperature at z = 0, for a thermal stabil-
ity situation, and it is asymptotically reached when
the threshold voltage, V, ,, is applied.

4. Experimental results and discussion

4.1. Dependence of electrical conductance on volt-
age and temperature

To establish the electrical conduction mecha-
nism in high fields, the I(z = 0) vs. ¥, characteris-
tics have been experimentally determined, thus
excluding the Joule self-heating effects associated
with electrical excitation (the method used to de-
termine the current at instant ¢=0 consists of
fitting the different values of the current, corre-
sponding to different instants, to the functional
dependence belonging to this type of non-crystal-
line materials {7,10]. In this way it is possible to
find the dependence of isothermal static resistance

T |
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Fig. 1. Non-linear /(¢ = 0) — ¥, characteristics, in the OFF-state
and at room temperature.

on applied voltage. Figure 1 shows the /(¢ =0) —
V, characteristics for the semiconducting glassy
alloy Asg405¢e( 301439, With a sandwich-type elec-
trode configuration and at room temperature (sim-
ilar initial current-voltage characteristics are
found at higher ambient temperatures [20]). It
may be observed that at low voltages, electrical
conduction is ohmic, while at high voltages the
behaviour of the device is non-linear. The func-
tional form which the experimental values fit is

1(Vy) = GoVy exp(Vo/ V1), (10)

G, being ohmic conductance, and ¥V, being a
parameter which gives the value of the voltage at
which the non-ohmic effects, derived from some
process of an electronic nature, begin to be rele-
vant. From eq. (10) one deduces the dependence
between electrical conductance and voltage, G(¥;)
= Ggq exp(¥Vy/ V7). Figure 2 shows In R(V}) vs. V}
at room temperature, and in it the good agreement
between the experimental values and the indicated
functional dependence may be observed. The val-
ues obtained for ¥, and G, by linear regression
analysis are 1533 V and 4 X 1078 7! (r = 0.995).

Dependence (10) may correspond to the
single-carrier space-charge limited current flow
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Fig. 2. Representation of In R vs. ¥, at room temperature.

(SCLC) model, with a Fermi level in a uniform
trap distribution [11], and the model correspond-
ing to field-assisted carrier release from shallow
trapping levels. In this mechanism, at intermediate
voltages, the electrical conductance expression is
of the type [12]

G(V,) =Gy, Sinh("quo/ksTod)/("quo/kBTOd)’
(11)

r being the effective radius of the trapping center,
kg the Boltzmann constant and g, the electron
charge. This expression, at sufficiently high volt-
ages, and considering a square-well type trapping
center, becomes relationship (10) [12]. In this con-
duction mechanism, the expression of V, is as
follows:

Vi=kpTyd/q.a(Ty) (12)

in which a(T;) is the temperature-dependent
activation distance, and relationship (10) is vahd
for voltage values higher than parameter V,
(according to this mechanism, transition to ohmic
behaviour takes place at voltages V, < ).
However, the values of V| determined by adjust-
ing the experimental data to dependence (10) are
remarkably higher than the applied voltages, which

is inconsistent with the necessary conditions for
the application of eq. (10).

On the other hand, when the experimental
values are adjusted to relationship (11), one finds
a worse fit in comparison to that found for func-
tional dependence (10); i.e., the electrical conduc-
tance expression corresponding to the conduction
model associated with carrier release from shallow
traps at intermediate voltages is not valid either.
Besides, going back to expression (12), as the
experimentally-found dependence between V; and
Ty 1s V, o« T, [20], the existence of an activation
length dependent on temperature, as predicted by
the carrier release model, would not be possible
under these conditions. However, this experimen-
tally-determined V,-T, dependence agrees with
the one for the SCLC model. Also, the experimen-
tally determined value of a(T,) in the present
work is approximately 178 A, and this is much
higher than those quoted in the bibliography (the
highest is 40 A, and corresponds to the lowest of
the temperatures, 7, = 60 K, as a(7T,) decreases
when temperature increases) [12]. To continue with
the discussion in terms of the single-carrier SCLC
mechanism, if the distribution of localized states
in the mobility gap is uniform, the V| expression
for this process is of the type [11]

Vi =q.Nkgtod’ /e, (13)

N, being the trap density and ¢ the dielectric
constant. From the proportionality constant corre-
sponding to the experimentally found relationship
between V¥, and T,, whose value is 5.05 V K™!
{20], and bearing in mind that e=17.7 (CGS
units) [21], one finds that N,=7.2x 10" ev™!
cm 2,

As a consequence of the analysis carried out, it
seems reasonable to think that an SCLC-type elec-
tronic process is responsible for the non-ohmic
effects observed. However, in order to confirm the
validity of this conduction model, it would be
desirable to study the dependence between V; and
the thickness (according to the SCLC process, the
relationship ought to be of the type V, a d?).

The measurements of ohmic resistance at dif-
ferent temperatures are analyzed forthwith. The
experimental values adequately fit (» =0.992) the
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Fig. 3. Ohmic resistance, Ry, versus temperature inverse
(semi-logarithmic scale).

well-known Arrhenius-type relationship, corre-
sponding to thermally activated mechanisms

Ro(Ty) =R, exp(AEg/kgT,), (14)

R, being a pre-exponential factor, and 4 Ey being
the activation energy for the electrical conduction
process, determined from these measurements of
the weak field electrical resistance, at different
temperatures. In fig. 3, R, vs. 1/7, is represented
at semilogarithmic scale; one deduces from the
slope that AE; =0.48 eV and the intersection
with the y axis takes place at R,=0.35 .
According to the value found for AEy and to the
value of the pre-exponential factor associated with
electrical conductivity, o, =100 27! cm ™', it may
be deduced that electrical conduction in the weak
field is due basically to carriers excited beyond the
mobility shoulders into non-localized or extended
states (the value of g, has been determined from
the value of R, considering the values of S and d
in the sample, approximately 0.20 mm? and 0.7
mm, since in this case different dimensions from
those in the switching device have been used) [22].
Electrical conductivity of the glassy alloy under
stud)ll at 20°C is approximately 5.6 x 107 Q!
cm” .

In the following sections, relationship (14) will
be used to find the expression of delay time as a
function of the applied voltage, and the tempera-
ture dependence of the threshold voltage.

4.2. Delay time-applied voltage characteristics at
different temperatures

Taking eq. (9), corresponding to impulse ther-
mal breakdown, and bearing in mind that the
electrical excitation of the glass sample, whose
ohmic resistance verifies relationship (14), is car-
ried out by applying rectangular voltage pulses, it
turns out that

C,dT/dt=(o,/d*) exp(—AE/kyT)V.  (15)

in the first approximation, the above-mentioned
non-ohmic electronic effects are not introduced, as
the applied voltage pulses were all of amplitudes
below 1 KV, and consequently lower than V.
That is to say, although the non-ohmic processes
are presented, their contribution to the switching
phenomenon is less relevant in comparison to the
thermal-type effects. The time interval, 7, neces-
sary for the critical temperature, T ., to be
reached, is given by

Tm <
f “exp(AE/kyT) dT = oV2tp/d*C,.  (16)
7‘!)
Since AE > kT, the integration may be done
approximately, resulting in

Ip = SdekBTostz(To)/Voz AE=A(Ty)/ V5.
(17)

On the other hand, the relationship that the
experimental values fit is of the form [23,24]

tD=At(T0)/(VO—VO,th)2- (18)

Figure 4 shows the current versus time curves (the
temperature for this experiment was approxi-
mately 67°C), from which the different delay
times were evaluated. In addition, fig. 5 shows ¥,
vs. 15!/, for some of the temperatures studied.
Therefore, the slope in this representation is A}/
and the intersection with the y axis is ¥; ,, (switch-
ing voltage whose delay time is infinite). It may be
observed that, as the temperature increases, both
Voun and A, decrease. Furthermore, the represen-
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Fig. 4. Current-time characteristics corresponding to different
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voltage, correspond to voltage values increased in 10 V at a
time, i.e., the first one is 250 V and the last one is 360 V).

tation of ¥, vs. tp has been inserted as an illus-
tration in fig. 5.

The empirical relationship (18) coincides with
the expression of delay time as a function of
applied voltage, corresponding to impulse thermal
breakdown, when the pulse amplitude is consider-
ably higher than V.. This fact is evidence in
favour of the validity of the thermal breakdown
theory, as the basis of the explanation of the
switching phenomenon in the bulk sample of com-
position Asg05€e530T€53. On the other hand,
parameter A, (determined by fitting the experi-
mental points to functional dependence (18)) is
represented versus TR o(T,) (fig. 6). According to
eq. (17), the relationship must be linear, and the
expression of the slope, C,kySd/AE. Indeed, the
experimental results show good agreement with
this relationship (r =0.993) and the value of the
slope is 0.63 X 107% J K™% Considering that the
value of C, in this type of glassy materials is
approximately 1 J cm™? K~ [25], one deduces
that the activation energy determined by 4,, AE,,
verifies that AE, = A Eg, also confirming the con-
sistency of the switching model proposed.

4.3. Variation of threshold voltage with ambient
temperature

The solution of eqgs. (5) and (8) will now be
obtained, for the case in which the dependence of
electrical conductivity on temperature is that ex-
pressed by eq. (14) (thermal conductivity is as-
sumed to be independent of temperature). With
these restrictions, egs. (5) and (8) can be written in
terms of dimensionless quantities as follows:

(c/0)(1/x; = 1/x,)
-/ dx ~. (19

x'"'“lefx (exp(x)/x?) dx .

AT

and
2 *
v =f (exp(x)/x*) dx, (20)
xlﬂ.(
where the dimensionless quantities v =
A 700 \\\&
>
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Fig. 5. Representation of V;, vs. 1/152. V, vs. t; has also been
inserted.
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Vo(kgoo/8 AEK)V?, ¢ =Ad/2K, and x =
AE/kyT have been introduced (it is understood
that subscripts on x imply the same subscript on
T). In solving egs. (19) and (20), two limiting
cases arise, that corresponding to very large values
of ¢ and the one associated to very small values of
¢. In the present situation, the value of ¢ is small,
25x107%, as A=15 W m~2 K~' [26] (it is
supposed that in the top and bottom boundaries a
natural convection process in air takes place) and
K,=3x107" W m~! K7' [27]. Although the
glass sample may obviously be considered to be of
remarkable thickness, from the standpoint of ther-
mal conduction it can be classified, following
O’Dwyer’s criterium [1], as a “thin sample”, as the
heat evacuation process on the edges plays the
fundamental role (in the other limiting case corre-
sponding to the so-called “thick sample”, in which
Ad> 2K, it is verified that T, =¢,, i.e, most
efficient edge cooling). For the case in which ¢ is
very small, the analytic solution of eqs. (19) and
(20) gives way to the approximate expression [1].

vn="(c/2€)"*(1/x,) exp(xo/2), (21)

which can be rewritten as

Voun=(TkgRo/e AE)" T, exp(AE/2k3Ty),
(22)

where I'=2AS, ie., the coefficient of heat
transmission by convection of the device.

The experimental values of the threshold volt-
age, determined by extrapolating to the value ¢
= oo, are shown in fig. 7, where the remarkable
sensitivity of the threshold voltage to ambient
temperature increase may be observed. Figure 8
shows ¥, /Ty vs. 1/T, at a semilogarithmic scale
(r = 0.998). The activation energy determined from
the variation of threshold voltage with ambient
temperature, AE, is 0.46 eV, meaning also that
AE, = AEy. The value found for I' is 0.22 mW
K ™!, which gives way to a value of A very close to
that considered before, bearing in mind the natu-
ral convection process in the bases of the device.

On the other hand, from eq. (22) one obtains
the relationship

I/O?th=FkB7:I)2R9(TO)/e AE. (23)

If one takes into account that the strongest depen-
dence of the threshold voltage on temperature is
that of the exponential type on the temperature

aon}
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F =4
"',
,O
300}
-]
-
[
—
2
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a
—
s 200}
L)
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=
=

AMBIENT TEMPERATURE T,('C)—=

Fig. 7. Threshold voltage (7, = c0) versus ambient temperature.
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inverse contained in the ohmic resistance, eq. (23)
can be approximated, without any significant er-
ror, to the following expression:

Vo = constant X R (7Tp). (24)

From this equation it is deduced that the threshold
initial power, V,/R(Tp), is not very sensitive to
variations in ambient temperature, in the whole
temperature range studied. In fig. 9, ¥, versus
R,(T,) is represented graphically at a log-log
scale (r = 0.996). The slope is 0.45, that is, there is
a 10% difference with the theoretically found value.
The average threshold initial power obtained is
8.7+09 mW, this value being close to others
quoted in the bibliography {7,9,23] for different
bulk chalcogenide glassy samples.

4.4. Numerical solution of the thermal balance
equation

The types of thermal breakdown, so far consid-
ered from a theoretical point of view, correspond
to the limiting cases of infinite and infinitesimal
time of voltage application. This section expounds
the results found by numerically solving the ther-
mal balance equation, without omitting any of its
terms. In order to simplify, it is assumed that the
temperature distribution in the glass sample is

uniform, so the energy balance equation is, under
these conditions, the following:

vl/Ro(T)=5dC, dT/dt + (T~ T,). (25)

By solving this equation, one finds the time evolu-
tion of the temperature of the glassy sample dur-
ing electrical stimulation and, therefore, the time
dependence of the current. The succesive numeri-
cal integrations, through which the T-¢ character-
istics are determined for each voltage, have been
carried out following the familiar Simpson’s rule
(the upper limit of the integral is conveniently
modified). The values of AE;, R, and I used
when doing the numerical integrations are those
obtained experimentally [28].

Figure 10 shows the results of the numerical
solution, at an ambient temperature of 55°C. It
may be observed in this figure that when V, = 240
V, thermal stability is reached; while at other
voltages, whose time evolutions of temperature are
also represented, the thermal instability which is
mainly responsible for the switching process takes
place. Analysis of the voltage interval between 240
and 246 V. to determine the threshold voltage
more accurately, showed that the minimum volt-
age at which the switching process originates is
244 V [28]. This numerically obtained value for
Vo is close to the experimentally determined

30+

20+

10

T T T T

OHMIC RESISTANCE (1081 ) =

150 300 500

THRESHOLD VOLTAGE (V) e

Fig. 9. Representation of ohmic resistance vs. threshold volt-
age, at log-log scale.
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Fig. 10. Time dependences of the temperature of the sample,
obtained by numerically solving the complete thermal balance
equation, belonging to different voltage values.

value of 264 V (the difference is less than 8%).
Therefore, the simplifying hypotheses, considered
when expressing the complete thermal balance
equation through eq. (24), are reasonable and the
validity of the proposed physical model is con-
firmed once more.

5. Conclusions

The main conclusions which can be deduced
from the present paper are the following:

(1) The current—voltage characteristics, without
the contribution of Joule self-heating, reveal the
presence of non-ohmic effects. According to the
experimental evidence presented, non-linear be-
haviour may be attributed in principle to an
SCLC-type electrical conduction mechanism, with
a uniform trap distribution. However, thickness
scaling experiments must be carried out in order
to provide unambiguous evidence of space-charge
mechanisms.

(2) The dependence of ohmic resistance on
temperature is the one corresponding to thermally

activated processes. The activation energy for elec-
trical conduction has a value of about 0.5 eV, the
usual for this type of chalcogenide glassy semicon-
ductors.

(3) The phenomenological dependence between
switching delay time and applied voltage is close
to the relationship predicted by the case of im-
pulse thermal breakdown, when the applied volt-
ages are much higher than ¥ .

(4) The experimentally determined variation of
threshold voltage with temperature can be ex-
plained considering the limiting case of steady-
state thermal breakdown. The relationship found
between V},,, and R, can also be justified through
this theory.

(5) The numerical solutions of the complete
thermal balance equation, with the approximative
hypotheses mentioned, show good agreement with
the experimental results. Furthermore, the time
evolution of the temperature of the material, de-
termined by solving the thermal balance equation,
shows the positive feedback mechanism which
plays an essential role in switching in the analyzed
device.

(6) Finally, although a field dependence of
electrical resistance has been found, since the value
of ¥V, is higher than the values of the threshold
voltage at different ambient temperatures, it may
be concluded that the switching phenomenon ob-
served is a process which is mainly generated by
Joule self-heating and the low heat evacuation
capacity of the bulk-type switching device under
study. In other words, it has been shown that
there is clearly a coexistence of thermal and elec-
tronic mechanisms, but the cooperation corre-
sponding to non-chmic conduction is scarcely im-
portant; as in the voltage interval in which switch-
ing takes place, the heat generation effects in the
chalcogenide glassy semiconductor, inherent to
electrical conduction, are predominant over the
non-ohmic electronic mechanisms that appear in
1t.
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