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The VCC of CdS films in static and dynamic modes have been measured. A number of
new kinetic features has been revealed for the electrically stimulated switching between
two stable states. The states differ in their electric conduction levels by a factor of 104
and are kept after the external power supply is switched off. A new structure model of the

bistable switching has been proposed.

WNsmepensr BAX mimemox CdS B crarmueckoM M AUHAMHUYECKOM pexxmmax. OOHapyxeH
DS HOBBIX OCOGEHHOCTEH KUHETUKM 3JIEKTPOCTUMYJUPOBAHHOIO IEPEKJJIIOUEHUS MEeXIY
OBYMSA YCTOUYMBBLIMU COCTOAHUSAMU, KOTOPBHIE OTJIMYAIOTCA IO YPOBHIO 3JIEKTPOIPOBOSHOCTU
B 10% pas u CoxpaHAIOTCA IOCJEe OTK/IIOUEHWS BHEIIHEro HANpPSKeHHs. IIpefioskeHa HOBasd
CTPYKTYPHAA MOJeJb OUMCTA0UIBHOTO IEPEKIIOUEHU.

In many semiconductors, including CdS
polycrystal films, the negative differential
resistance (NDR) as well as bistable switch -
ing and memory effects, that is, the change
of the material high-resistance (HR) to the
low-resistance (LR) one and vice versa, are
observed in many semiconductors, including
CdS polycrystal films [1, 2]. Although the
switching effects in an electric field are
used widely in different automatic systems
such as commutation devices, logic memory
systems, ROMs, etc., there is no unique
commonly accepted interpretation of the
switching mechanism. This evidences the
actuality of further investigation into that
complex phenomenon associated with sev-
eral simultaneous physical processes,
namely, electric, thermal, diffusion, and
phase structure ones.

Among numerous points of view pre-
sented in literature [3—-6] concerning the
switching effects, it is just the mechanism
associated with structure and phase trans-
formations [7] that is preferred in this
work. The semiconducting films of A,Bg
compounds are of a special interest in this
connection. These films present a specific
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stacking morphology of grains consisting of
thin plates comprising twins and polymor -
phous phases alternating along the normal
to closely packed plans [8]. Perhaps there is
a relation between the above-mentioned
structure phenomena and electric ones. Tak -
ing the above into account, this work is
aimed at the study of dynamic details of the
switching and memory effects that might be
useful to interpret structurally the kinetics
of the phenomenon.

The VCC with S-shaped NDR, the revers-
ible electric switching and memory effects
in 1 to 2 pm thick CdS films were studied
in experiment using a standard measuring
device making it possible to obtain the VCC
both in static and dynamic modes provided
by little modifications in the measuring
scheme (Fig. 1). Molybdenum and palladium
point contacts were used at the samples.
The voltage applied to the sample was con-
trolled by resistor R;. To control the ballast
line, a the resistor R, was used being varied
within 1 to 10 kQ range. A PC was used as
the recorder. The signal taken off from the
voltage divider R3, Ry (R4 > R3) was applied
to the analog-to-digital coder of the PC and
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Fig. 1. Structure scheme of dynamic VCC re-
cording setup.

recorded in the waw format at the sampling
frequency 96 kHz using a suitable software.
The signal was processed using two chan-
nels simultaneously. This makes it possible
to trace the switching dynamics in time and
to evaluate the switching rate. The voltage
amplitude value was controlled using a mul -
timeter. The CdS film surface areas corre-
sponding to junctions with point contacts
were examined using a raster electron mi-
croscope.

The switching periods from HR to LR
state and vice versa are of considerable in-
terest to understand the physical and struc-
ture nature of the switching phenomena. To
determine these parameters, the measuring
device was used (Fig. 1) allowing us to re-
cord simultaneously the AC voltage changes
at the sample and the circuit current using
the voltage drop across the ballast resistor.
As to the switching period evaluation, there
is a limitation associated with the sampling
frequency of the signal to be recorded that
is 96 kHz in our case. Thus, the lower limit
of the time record is 10.4 ps.

Let some voltage U,, and current I time-
based sweeps be considle):red that are typical
of the samples under study. The AC voltage
at the sample was varied in step-by-step
fashion with an exposure of 2 to 3 s after
each voltage increment. As the threshold
voltage U,;, is attained, a jump-like voltage
drop and circuit current increase take place
(Fig. 2). The transition to the stable LR
state itself occurs during 3 or 4 AC voltage
periods. The sample resistance in the HR
state is about 510% Q while in the LR one,

about 500 Q, that is, the LR to HR current
ratio amounts 10%4. The calculated differen-
tial resistance R, is about 1600 Q. Effect of
the applied voltage polarity on the samples
at different voltage amplitude was studied.
The switching effects have been found to
take place also at the voltage sign change.
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Fig. 2. Time dependences of voltage at CdS
sample and circuit current: general view (a),
section A in enlarged time scale (b).

Besides, the effect of the pin pressed elec-
trode material on the switching parameters
was also a problem under consideration. To
that end, the molybdenum pressed electrode
was changed by the palladium one. This
change, however, did not effect the regis-
tered switching patterns.

In Fig. 2b, the A section of the switching
diagram presented in Fig. 2a is shown at
the maximum possible expansion of the
time scale. From the Figure, the HR to LR
switching period ¢,, can be estimated as
41.6 ps. In this expanded scale, the damp-
ing oscillations preceding the stable Usp and
I sections are clear to see. In Fig. 2a, a time
interval following the switching moment is
seen where the current channel works in the
voltage stabilization mode at varying cur-
rent (the B section). Fig. 3a presents a dia-
gram similar qualitatively to that of Fig. 2.
Here, of interest is the LR to HR switching
period that is shorter than 10.4 us. In Fig.
3b, a single-threshold HR to LR switching
followed by the spontaneous re-switching to
HR. It follows from consideration of numer -
ous diagrams that the spontaneous switch -
ing effects may also be multiple. The next
diagram (Fig. 3c) is also of a considerable
interest. The sample is switched from the
HR to LR, state that is unstable, since U,
amplitude variations are seen. Further, this
intermediate LR; state is switched sponta-
neously into a lower-resistance LR, one.
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Fig. 8. U,, and I time dependences with the asynchronous section (a), with spontaneous switching

(b), and with two-stage switching to LR state (c).

Thus, a two-stage switching occurs. The
LR; to LRy switching period can be evalu-
ated to be shorter than 20.8 ps. The LR,
state is maintained for some time but the
opposite LRy to LR; switching takes place
after an oscillation period. The electron mi-
croscopy has shown that the contact areas
of the pin electrode with the film surface
after the switching look as those with dif-
ferent extent of electron emission. This evi-
dences an increased structure inhomo-
geneity due to the switching in the near-
surface film area contacting immediately
with the pin contact.

The work results are in our opinion of a
considerable importance for the under-
standing of the switching phenomena na-
ture. To explain the switching and memory
effects, let the crystal-chemical features of
CdS compound be considered. A high equi-
librium vapor pressure of Cd as compared
to S results in that the condensation from
the vapor flow occurs at a Cd excess. More-
over, the considerable inconsistency between
the liquidus and solidus lines in the phase
diagram of the Cd-S system [9] results in a
significant segregation of Cd and CdS com-
ponents during the crystallization. The tra-
ditional model of CdS,_, non-stoichiometric
compound supposes the presence of point
defects homogeneously distributed in the
crystal bulk as interstitial cadmium atoms
and sulfur vacancies. Such defects influence
significantly the conductivity of the non-
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Fig. 4. Structure model of CdS film in the
HR (a) and LR (b) states: point contact (1),
counterelectrode (2), CdS layers (3), Cd lay-
ers (4), CdS,_, region (5), point defects (6),
grain boundaries (7).

stoichiometric compound. A new non-
stoichiometric compound model distinct
from the commonly adopted one is proposed
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to explain the switching effects. The model
is presented in Fig. 4.

According to the CdS-S system phase
diagram [9], the non-stoichiometric com-
pound crystallization occurs as follows. As
the temperature decreases lower than the
liquidus line, CdS grains start to crystal-
lize. The excess Cd is driven away by the
crystallization front, being remaining in the
liquid phase. This driving-away of Cd lasts
until its amount becomes a serious obstacle
for the further growth of CdS crystal. This
factor hindering the free energy decrease of
the system being under cooling is elimi-
nated due to the Le Chatelier principle.
That is, the accumulated Cd atoms are crys-
tallized in epitaxial fashion on the close-
packed (0001) plane of CdS and form one or
more pure Cd layers. This is followed by the
further CdS growth. As the next CdS layer
attains a certain thickness, the Cd inter-
layer is formed again. Thus, the stacks of
crystallographic planes consisting of the ex-
cess component atoms grow at the inter-
layer boundaries between the stoichiometric
CdS grains. Note that such a modulated
"two-phase” structure, according to the
phase diagram [9], answers to two-phase
equilibrium for materials having a composi-
tion shifted to left from the stoichiometric
one on the concentration axis of the dia-
gram.

Initially, such a sample is in the high-re-
sistance (HR) state (Fig. 4a). A ballast re-
sistor R, = R,; is switched in series with
the sample. The voltage U, applied to the
circuit is distributed between the sample re-
sistance R,, and R,;. The film is supposed
to be somewhat locally heterogeneity, for
example, over its thickness. If the electric
power W, = IxU applied to such an active re-
gion exceeds the scattered power (W, > W, ),
that is, a certain threshold voltage is at-
tained, a local temperature increase occurs
in the active region. Such temperature in-
crease, according to the phase diagram (Fig.
5), results in a reaction between the liquid
Cd phase and solid CdS omne: Cd; +
CdSg - (CdS,_,);. At the further tempera-
ture increase, the amount of the
stoichiometric solid CdS phase will decrease
while that of the non-stoichiometric liquid
CdS,_, one, increase. The liquid phase com -
position will vary according to the left
conode end along the liquidus line as the
conode moves up along the temperature
axis. Thus, as the temperature increases
from the solidus point up to the liquidus
one, the diffusion-induced homogenization
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Fig. 5. Phase diagram of Cd-S system.

of the system occurs from the Cd + CdS
composition to the CdS,_, one. In accord-
ance to that structure variation, the active
region, that is, the material in a local re-
gion of the interelectrode space, is trans-
formed from the HR state of CdS into the
LR one of CdS,_,. The structure homogeni-
zation process and the accompanying resis-
tivity change of the active region is propa-
gated over the whole film thickness. The
initial HR state of the active region is
changed to the LR one (Fig. 4b). The LR
stabilization occurs due to decrease of the
voltage drop on the active region of the
film caused by a dramatic increase of its
proportion on the ballast resistor. The ac-
tive region is cooled instantly and the het-
erogeneous non-stoichiometric CdS,_, state
becomes "frozen" therein.

The reverse LR-to-HR switching occurs
in another thermal regime set by selection
of another R, value R, 5, <R,;. While at the
forward switching (HR - LR) the resistivity
p of the active region was changed by a
factor of 104 due to its homogenization,
now, under the homogeneous LR state heat-
ing and melting, the p change amounts is as
small as several tens per cent only. In this
case, the voltage drop redistribution be-
tween the CdS film active region and the
ballast resistor results in such a relation
between the heat release W, and heat scat-
tering W, that a rather slow cooling of the
current channel takes place instead of its
quenching. In this case, a quasi-equilibrium
two-phase crystallization occurs. According
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to the phase diagram, the CdS phase is
crystallized first, that is, the HR phase fills
the current channel. The liquid phase of
decreasing volume will get rich in cadmium
according to displacement of the left conode
end towards the solidus line. As a result,
the Cd interlayers between stoichiometric
CdS blocks will be restored, thus, the HR
state will be formed (Fig. 4a).

Basing on the proposed structure model
of the switching and memory, the features
of the process dynamics observed in our ex-
periments are easy to explain. The sponta-
neous reversible switching (Fig. 3c) can be
observed repeatedly if the ballast resistor is
selected so that the loading line coincides
with the S-shaped NDR section of the VCC
[10]. In this case, the HR - LR transforma-
tion is accompanied by the voltage increase
at R,. The electric power applied to the
current channel becomes decreased as com -
pared to the scattered one, so that the chan-
nel slow cooling mode occurs, thus, the
transition to HR, that is, to the initial
state. In that fashion, cyclic phase transi-
tions in the active region and periodic oscil -
lations of the circuit current are realized.
In diagrams presented in Figs. 2 and 3a,
there is an unusual section B evidencing the
so-called latent switching period. The estab -
lishing of stable conductivity characteristics
in both HR and LR states is seen to be not
an instantaneous process. Thus, the system
exhibits a certain inertia in that it re-
sponses to the electric regime changes with
some delay. In our opinion, this fact evi-
dences that the switching and memory ef-
fects are based not on electron re-buildings
but on atomic structure ones. The section B
in Figs. 2 and 3a demonstrates a distorted
synchronicity in the U(¢) and I(¢) changes in
the active zone. In our opinion, this time
interval, when being recorded and meas-
ured, makes it possible to obtain some new
physical data on the switching process. The
synchronicity violation between U and I
changes in the active region is due to that
thermal processes show a time lag as com-
pared to the used alternating voltage pe-
riod. The structure changes in the active
region do not trace the alternating voltage
phase changes but the thermal effect dy-
namics. So, for example, it is seen in Fig.
3a that the switching took place in a mo-
ment U <U,,,,. Thus, the duration of the
HR - LR transitions answers to the time lag
between I(¢) and U(t). In timebase deflec-
tions of Usp(t) and I(t) (Fig. 3), a double-
threshold HR - LR; -LR, switching is ob-
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served. It can be explained also using the
model proposed. At certain distance ratios
between the non-uniformly distributed ex-
cess cadmium interlayers, a situation be-
comes possible when the transition into LR
due to the applied electric power takes place
only in a part of the film thickness. In this
case, the total resistance of the region de-
creases somewhat, that is, an intermediate
LR, state arises. As W, increases, the LR
may become propagated through the whole
CdS film thickness, thus, the LR 4 occurs.

To conclude, let some advantage of the
novel structure model be pointed to. In
some traditional models, the bistable
switching is explained using concepts of
electrodiffusion of the metal contact parti-
cles into the sample active region [11]. In
this case, it is of importance to take into
account the polarity of the applied rectified
voltage. The refractoriness of the electrode
material is also very important. Our experi-
ments have shown that neither the electrode
material changes nor the polarity changes
of the rectified voltage result in substantial
changes in the switching properties of the
semiconductor films studied. These results
are difficult to explain within the frame of
the traditional switching and memory mod -
els. In contrast, in our model, both the elec-
trode material changes and the applied volt -
age polarity changes should not influence
the switching processes. Since there is an
internal substance resource in the semicon -
ductor layer, the diffusion transfer of metal
particles out of the electrode, as supposed
in [11], is unnecessary. A substantial ad-
vantage of the model proposed consists in a
considerable shortening of the diffusion
path during the current channel conductiv -
ity transformations as compared to the
semiconductor metallization by the elec-
trode [11]. As has been shown in our stud-
ied of the grain morphology in CdS films,
at the grain size of 10 um along the normal
to the film surface, the average thickness of
stacked plates is 20 to 30 nm.

Thus, a technique has been proposed and
checked for recording dynamic parameter of
the current instability phenomenon which
made it possible to determine a set of ki-
netic and physical characteristics as well as
new features of the switching phenomenon,
including the transition process durations,
the switching latency time, the possibility
of intermediate conductivity states, the syn-
chronicity violation between the changes of
voltage at the sample and circuit current,
the independence of the switching charac-
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teristics of the electrode material and the
voltage polarity, and the possibility of spon -
taneous reversible multiple switching. A
novel structure model has been proposed for

the

switching and memory in CdS films

that makes it possible to explain a large
number of experimental facts basing on the
common concept, in contrast to the tradi-
tional model of that phenomenon.
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CrpykTypHa MOaeab 0icTaOiJIbHOTO MEepeMHUKAHHSA
ctpymy y maiBgax CdS

I1.O.Ilanuexa, B.O.Hoegikoe

Orpumano BAX mmisoxk CdS y craTmuHOMy Ta AMHAMIUHOMY peXHUMaX. BUABIEHO Pl
HOBUX OCOOJIMBOCTEH KiHETHKHU eJeKTPOCTUMYJIbOBAHOTO MEePEeMUKaHHSA MiK ABOMa CTabiib-
HUMM CTaHAMY, AKi BiApisHAIOTHCSA 3a piBHEM esneKTpomposizHocTi B 104 pasis i 3GepiraioTs-
cA micas BiAKJIIOUeHHS BSOBHIIIHBOI Hampyru. 3alpONOHOBAHO HOBY CTPYKTYPHY MOAETH

0icTabimbHOIO MepeMUKAHHA.
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