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Abstract - Cadmium boracite single crystals at high
temperastures (3 300°C) were found to exhibit a
reversible electric field-induced transition between
s highly insulative and a conductive state. The
switching threshold is smsller than a few volts for
an electrode spacing of a few tenth of a millimeter

corresponding to an electric field of 102 " 1()3 V/cm.
This is much smaller than the dielectric break-dowm
field for an insulator such as boracite. The insuia-
tive state reappears after voltage removal. A pulse
technique revealed two different types of switching.
Unstable switching odcurs when the pulse voltage
slightly exceeds the switching threshold and is charac-
terizea by a pre-switching delay and also a residual
current after voltage pulse removal. A stable type of
switching occurs when the voltaye¢ becomes sufficiently
high. Possible device applications of this switching
phenomenon are discussed.

Introduction

A series of compounds having a chemical formula

H3B7013X (M = divalent metal, X = halogen) have been

known to be isostructural with
51

chlorine b‘oracite (143337013(21) .

have an orthorhombic Cgv-Pca structure at room tem-

perature and transform to a cubic Tfl-!-‘-b-:!c structure

at a higher cemperature. Extensive investigations

of physical properties of boracite ._mpounds were made
in the past and sowme boracites were found tc be ferro-
electric and gggro-agnetic simul taneously at low
“emperatures, Recently, we have successfully grown
singie crystals of Cd boracites, ca357013x; X =Cl or

Br, by a chemical vapor transport method. The
crystallographic transition temperatures were 520 +
5°C for the Cd-Ci boracite and 430 + 5°C for the Cd-Br
boracite. During measurements on these crystals, we
found that the crystals abruptly became conductive
when a dc bias voltage was applied at above 300°C,
temperatures considerably below the transition tem-
perature.- The switching was reproducible and closely

resembled that observed in chalcogenide glasses.
However, the .critical field strength required for such

switching (102 "~ 103 V/cm) was at least one or two
orders of magnitude smaller than that in the case of
amorphous semiconducturs. The resuits of d¢ and pulse
measurements of this interesting switching phenomenon
are described below. Possible device applications of
this phenomenon will also be discussed.
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Sample Preparation and Measuring Technique

The Cd boracite crystals were grown by a method
described elsewhere. The crystals (max. edge length
5 mm) were cut into slices having a simple crystallo~
graphic face such as (100), (110), and (111) in
pseudo-cubic indices. Each slice was ground and
polished with diamond paste, Electrodes of Au/Cr film
were evaporated. The Cr inner layer udheres rigidly
to borscite surface to make a good supporting film for
the Av overlayer. Gold lead wires were attached to the
electrodes with Ag-conducting paste. In the dc
measurements, the sample was connected in series with

a large protective load resistance R‘L (10 ~ 100 KQ).

A voltage across the sample (X) and a current through
the load resistance (Y) were recorded on an X-Y

recourder.
In the pulse measurements, the pulse generator (Toyo

Telesonics) was capable of delivering a square pulse of
maximym amplitude 10 V with various pulsz lengths (1
usec v 10 msec) and pulse repetition rates (single

sweep v10® pulses/sec). Both the de pulse and the
current through a 50 KQ load resistance were recorded
1 a storage oscilloscope (Tektronix type 564).

DC Measurement

When a crystal was heated to above a certain critical
temperature Tc. the crystal could be made conductive

upon the application of a dc voltage. Figure L {s a
schematic ifllusv:- f{on of current-voltage characteris-
tics for such switching. As can be scen, the switching
is symmetrical with respect to voltage polarity.

Before switching, the current is dctermined by the
sample resistance since it is much larger than RL.

Vi

Fig. 1. dc current-voltage characteristics of a
Cd-X boracite crystal (X = Cl or Br) at T > Tc.

After the threshold is exceeded, a negative resistance
region appears. In the ‘on' stat.:, the dynamic resist-
ance of the sample dV/dl takes a small positive or zero
value. Un’ike the case of threshold switching in
amorphous semiconductors, there does not exist a criti-

cal curreut, or a so-called holding current at which
the samrle abruptly switches back .o the ‘off' state.u

It seems that tne sample graduwully returns to the 'off'

state as the current is decreased. Therefore, the

sample resistance in the 'on' state cannot be clearly

defined. The threshold voltage vth is dependent upon .

témperature and decr: _s with témperacure increase.
In Fig. 2, the temperature variation of V‘:h for C4-Cl

boracite sandwich electrode sapples of “two differeat
thickness are shown. Figurs-'3 is a similav result for
a Cd-Br boracite sandwich electrode sample that shows
the presence of tomperature hysteresis on cooiing. An
apparent critical wemperature Tc' obtained by ertra-

polating vth to infinity, is cependent upon sample
thickness. The rhicker the sample, the higher T,. The
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threshold voltage vth is not a linear function of

thickness; the critical 1{eld increases with thickness.
The uth vs temp2rature curve does not show any anomaly

at the crystallographic transition temperature T __ at

tr
which the peculiar twin lamellar structure dlsappearsk
It may Le pointed out that ‘l‘c for thinner samples is

indeed very close to the inflexion remperature which
appeared in differential thermal analysis (DTA) curves
of the crystal which are believed to show the exist-
ence of a higher order phase transition. Much the
same results were obtained in the case ot coplanar

electrode samples.
|
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Fig. 2. Thres..old voltage V as a function of tem—
perature for two Cd-Cl buraci?e sandwich electrode
samples wich different electrode spacings.
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Fig. 3. Threshold voltage V_  as a function of
temperature for a Cd-Br bornﬁyte sandwich electrode

sample.

When a sample is kept in the "on' state at a certain
temperature, stabilization of the conductive state
seems to set in. That is, if the 'or state {s main-
tained for a short time, vth measured immediately

aftervards is considerably smsller than its previous
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value. After repeated switchings, the 'on' state is
temporarily stabilized: The stabilization of the 'on'
state, or 'memory switching,' is always preceded by
threshold switching in Cd boracites, just as in the

case of memory switching in chalcogenide glaasea.ll

The stabilized 'on' state in Cd boracites eventually
returns to the 'off' state after the removal of a dc
voltage. Complete recovery requires times ranging

from seconds to hours. The occurrence of stabilization
of an 'ou' state makes interpretation of dc measure-
ments somewhat ambiguous. Accordingly, pulse
measurements were carried out with results as next
discussed below.

Pulse Experiments

Threshold switching was clearly observed in the
pulse experiments. The critical temperature for
switching was comparable to that observed in the dc
experiments. However, there occurred several other
peculiar phenomena not observed in the dc experiments.

Two different types of switching were distinguished
in the pulse experiments. The first type appears near
the voltage switching threshold and is characterized
Yy a time delay before switching and by an unstable
carrent. There also exists residual current after the
puise is removed. In Fig. 4, an example of such
'unstable' switching is shown. The photograph was
taken by multiple exposures at various pulse voltages.

Fig. 4. Scope *race of unstable switching pulse
‘multiple exposure}. Cd-Br boracite sandwich elec-
trode sample with electrode spacing 0.38mm; voltage
(upper trace) of 2V/div; current (lower trace) of
40uA/div; time of 2 msec/div; single sweep trace;
and temp of 340° + 2°C.

As can be seen, the delay time shortens as the voltage
increases. After the removal of the pulse, the current
disappears with a decay time of 15 * 20 usec. An
example of such a decaying current is shown in Fig. 5.
When the applied voltage becomes much larger than the
threshold voltage for unstable switching, the switching
begins to take place with almost no delay. The current
is stable and disappears instantaneously after the
removal of voltage (Fig. 6). Typical threshold voltage
va.ues for unstable switching Vth(USSH) and threshold

voltage values for stable switching Vth(SSH) for vari-

ous pulse lengths are shown in Table I. These voltage
data were taken under constant duty operatign, i.e.,
pulse length (sec) X pulse repetition (sec™™) = 0.l.

As can be seen, both vth's incrcase as the pulse length

decreases. Vth(SSH) is at least 3 v 4 times Vth(USSH).

When the applied voltage is kept constant, there exists
a eritical pulse repetition rate at which unstable
ewitching takes place. The critical pulse repetition
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rate increases with decreasing pulse length as expec- at high temperatures by the diffuslon of Ag through

ted. In all cases, little or no stahilization effect the Au/Cr film. 1t was found that the sample did not
was observed after repeated applications of voltage switch whken a Au lead wire was thermally bonded onto
pulses. the Au/Cr film. It seems that Ag is indispensable to

form a good electric contact to a boracite crystal.
However, little is understood about the electrode
effect as well as the switching phenomenon in general
al present. Several mechanisms that had been proposed
to account for the other switching phenomena have been
disc d in ¢ tion with the switching in Cd-
boracite crystals elsewhere.12

Device Applications

A number of functional devices can be fabricated by
making use of the newly found threshold switching in
Cd-boracite single crystals. Since the switching takes
place only at high temperatures (3 300°C), such devices
may be found to be useful in the fields where a high
ambient temperature or a lack of workible heat sink
prevents the use of ordinary solld state duvices. Such
devices include:

1. Current controlling devicus having aon-blocking
AR electrodes for dc, dc pulse and ac circuits

Fig. 5. Scope trace of unstable switching pulses.

Cd-Cl boracite sandwich electrode sample with elec-

trode spacing of 0.48mm; voltage (u r trace) of

5“/dlv;Puurr§nt (lower Erace) gf aopzifdiv: time of (Sfm"Etrzc geviced).,

5 psec/div; pulse repetition rate of 2 KPPS; and 2. Current controlling devices having one blocking

temp of 345° + 2°C. and one non-blocking electrode (asymmetric devices).

- Such asymmetric electrode devices can be used in a

logic circuit for dc and dc pulse voltages. J

3. Current rectifiers for low frequency ac.

Since the operative principle of devices of first
and second categories are obvious from the foregoing
discussion, only the current rectifiers will be des-
cribed in some detail. Figures 7 and B show the
circuits for half-wave and full-wave rectifiers, res-
pectively. The half-wave rectifier of Fig. 7 consists
of an ac source, a lvad resistance RL' a blocking

capacitance Cb' a boracite crvstal element, and a dc

Fig. 6. Scope trace of stable switching pulses. The

sample is the same as in Fig.5 with voltage (upper

trace) of 2V/div; current (lower trace) of 40pA/div:

time of 5 psec/div; pulse repetition rate of 10 KPPS; AC mnput
and temp of 345° + 2°C.

Table I
Vth's for Constant Duty Operation

Pulse Width Pulse V _ (USSW) V. (S5W)
Repetition th th Fig. 7. Circuit of half-wave boracite rectifier.
(sec) (Pulses/sec) ) )
107" 10° 2 778
-k
10~ 10 1.2 3 G
107 10° 0.2 % 0.4 4 I__|l' A:a,v__
-3 2 S
10 10 0.20.3 4 =
1072 10 0.2 0.4 3 ;

Sample: Cd-Cl boracite (001) cut, 0.48 mm thick,
T = 340 + 2°C.

Throughout the present switching experiments, dc or
pulse, the aforementioned switching characteristics
changed little with crystallographic orientation of
the sample.

In the present experiment, Au lead wires were
attached to the sample with Ag-conducting paste. In
this case, a Ag-boracite contact is presumably formed Fig. 8., Circuit of full-wave boracite rectifier.
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control circuit. The boracite element in this case
can be either a symmetric or asymmetric device. The
dc control circuit consists of a variable dc voltage
source and a large protective 1:sistance Rp to block

ac current. When a small ac voltage is applied

followed by a dc voltage, a regulated current begins
to flow at a critical do voltage. Figure 9 shows a
scope trace of such a regulated current. Because of

Fig.9. Scope trace of ac half-wave rectified current.
Cd-Br boracite saadwich electrode sampie with elec-
trode spacing = 0.30mm, R = 100 2, R = 100K?, C,_ =

10 UF, V, = 8.0V, and temp = 395° + P2°C. Ac rleti-

fied current (upper trace): 0.05V/div. Applied 50Hz
ac voltage (lower trace): 0.5V/div. Time: Smsec/div.

the threshold switching characteristics of boracite
crystal, the current appears in the form of regularly
repeated pulses. The direction of current is reversed
when the polarity of dc voltage (Vdc) is reversed. For

stable operation of the half-wave rectifier, an upper
limit (maximuan) exists for both vdc and Vac. For Udc,

it is about ten times the minimum voltage. The maximum
of vac is much smaller than that of vdc. The bias dc

voltage, both minimum and maximum, required for the
rectifying effect to take place increases with incrv.as-
ing current or power in the ac circuit. This observa-
tion cannot be explained but it seems that the response
of the Cd boracite element is different when ac and dc
are applied simultaneously as compared to the case of
dc or ac used alone.

The full-wave rectifier of Fig. B consists of an ac
source, a load resistance RL. two blocking capacitances

Fig.10. Scope trace of ac full-wave rectified current
Cd-Br boracite coplanar trielectrode sample with
electrode spacing = 0.20um; H-moﬂ. ap-mom; c

- - . - * .
Cbll-louF, vdc 15V; and temp = 301° + 2°C.

Ac rectified current (upper trace): 0.1V/div. Applied
50 Hz ac voltage (lower trace): 0.5V/div.
Time: 5 msec/div.

b1’
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Chl‘ Cbz' a boracite element, and a dc controlling

circuit. The boracite element in this rectifier has
three electrodes. In Fig. 8, the two -ide electrodes
are positively biased with respect to the middle one.
The current through RL will be 11 in the first half cycle

of ac and 12 in the next half cvcle so that the full-

wave rectification will be completed. The direction
»f current through “L reverses when tke polarity of

side and middle electrndes is reversed. Figure 10
shows a scope trace of such a rectified :urrent
obtained by the circuit of Fig. 8. As in the case of
ha!f-wave rectification, the minimum dc bias voltage
increased with increasing ac voltage.

The above examples are illustrative of potential
usefulness. Other circuit applications of the Cd
boracite switching devices s~em possible.
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