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Single-crystal and polycrystalline NbO, switching devices were studied by double pulse and pulse
interruption technigues. Results for single-crystal devices indicated a recovery time of 0.8-1.2 us
that is independent of the polarity relationship of the first and second switching pulses. Voltage
interruptions, obtained by pulses of variable duration in opposition to the on-voltage, provided
excursions into the on-state and revealed plateau regions in device voltage versus time. Hence the
opposition or “diagnostic” pulse provides a region of rapidly decreasing on-state voltage followed
by a region of zero on-voltage, from which current-voltage (/-¥') data can be measured. An I-V
curve of the on-state, thus obtained, showed a transitional region from an Ohmic state to a lower
conductance subregime (of on-state). Below the holding voltage the time required to develop this
lower-conductance subregime is about 50 ns for a single-crystal device, agreeing favorably with
results from cw studies. The related time interval for polycrystalline devices is 250-350 ns. The
interval between the holding voltage and the beginning of the transitional regime (10-20 ns) is
interpreted to be the trapped carrier lifetime or emission time.

PACS numbers: 72.20.Ht. 85.30.De

I. INTRODUCTION

Reversible threshold switching from a high- to a low-
resistance state is clearly established in single-crystal and
polycrystalline NbO,."* Fast response (1 ns), high off-state
resistance (~ 1 M{2 ), and low off-state capacitance ( < 10
pF) are properties of NbO, devices which satisfy require-
ments for applications as protectors or surge arrestors in rf
receivers. Reproducibility of switching parameters and de-
vice lifetime were considerably improved by deposition of
bismuth electrodes on the NbO, active material.® A nonther-
mal mechanism for the threshold switching in NbO, (Ref. 5)
is strongly supported by the on-state /-¥ data and recovery
curve data.

In earlier works*’ studying the recovery behavior of the
on-state of polycrystalline NbO, it was found that the on-
state could survive for 200400 ns (7,) at zero on-voltage
without the requirement of a subsequent partial switching
event to reinitiate the on-state. Continuous square and trian-
gular wave (cw) studies of the on-state /-¥ characteristics
indicated a higher-conductance Ohmic region as well as a
lower-conductance linear and superlinear subregime be-
neath a characteristic knee level.* From data on the required
frequency and amplitude to dynamically sustain the on-state
of polycrystalline devices of filament geometry given in Ref.
5, it was concluded that at least 5 X 10° electrons undergo
recombination in an interruption time of about 200 ns. It was
also shown in the previous studies,*” that a voltage fall-time
of about 100-150 ns was the maximum allowable time such
that the on-state would be preserved without decay.

The purpose of the present work is to explore the on-
state J-V characteristics of single-crystal NbO, devices dur-
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ing and subsequent to very short interruptions at zero volt-
age. These characteristics include the determination of the
recovery time and the subholding-voltage time necessary to
develop the subregime of lower conductance.

Il. EXPERIMENTAL PROCEDURE

Single crystals of NbO, were produced by the Czoch-
raisky-Kypopoulos technique in a triarc furnace and in an
argon atmosphere. Crystals were subsequently sliced into
thin wafers, 40-50 um thick and 2-3 mm in diameter. Wa-
fers were etched in an ammonium bifluoride (NH FHF) so-
lution at 100 °C, then cleaned in an ultrasonic bath with pro-
panol, and then, for the thinner and more fragile specimens,
further cleaned with deionized water in a gelatine medium.
Electrodes were vapor deposited in a vacuum of 10-° Torr.
Top electrodes consisted of three metallic layers: a 1000-A
Bi film vapor deposited first onto NbO,, then 20 A of Cr, and
finally 500 A gold. The lower electrode (0.87 mm?) consisted
of a 500-A gold film. The final device configuration was thus
Au-Cr-Bi-NbO,-Au, with Au wires thermally bonded to the
electrodes. The deposition of the thin Cr film increased the
adhesion of Au film to the wafer, and thus facilitated the
bonding process. The single-crystal device was finally encap-
sulated in a MODPAK unit with coaxial line. Between ex-
periments the device was stored in a vacuum dessicator.
Polycrystalline devices were fabricated using procedures de-
scribed in Refs. 1-5, but with the electrode configuration
cited above.

Electrical measurements were performed on the single-
crystal samples using the circuit given in Fig. 1(«), and poly-
crystalline samples were addressed using the circuit shown
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FIG. 1. Circuit disgram for diagnostic probing and double pulse experi-
ments of NbO, on-state; (a) single crystal and (b) polycrystailine.

in Fig. 1(b). In both cases care was taken to eliminate noise
and parasitic effects to be assured that the voltages and cur-
rents obtained on a Tektronix 7834 memory oscilloscope re-
ferred to device characteristics even at time scales as expand-
ed as 2 ns/div. For the single-crystal studies the main and
diagnostic pulsers were high power pulse generators (Cober
model 605P), whereas for the polycrystalline devices a Hew-
lett-Packard model 214 A generator served as the diagnostic
pulser. The essentially noise-free signals were achieved
through the use of matching and balancing resistors, careful
grounding procedures, and the use of an isolation
transformer.

Typical single-crystal devices had a threshold voltage
(V) of about 1300 V for set pulses of 3 us duration. Off-
state resistance ranged from 300 k2 to 1 M{2, and switching
characteristics were quite reproducible from one set of ex-
periments to another. Polycrsytalline devices showed a ¥,
generally ranging from 300 to 800 V depending upon sample
thickness (10-15 um) and were also reproducible and consis-
tent in properties. However, a few thin samples (3-8 um)
exhibited lower V,, but approximately the same threshold
field. The polycrystalline devices were normally not encap-
sulated and required the use of point contact pressure probes
in conjunction with a manipulator device; hence some ring-
ing developed owing to leads and contact effects. .

Curve tracer data were taken after single pulse studies
were completed, 50 as not to cause any thermal degradation
due to 120-Hz extended operation. High-frequency (100

834 J. Appl. Phys., Vol. 52, No. 2, February 1981

SINGLE CRYSTAL DATA

INTERRUPTION OF
ON-STATE RECOVERY
CHARACTERISTICS

DEVICE VOLTAGE
AND
CURRENT vs TIME

P
8
T
<
5
H

» 430VOLTS

Vow - 31VOLTS .
Vapry * 1340 VOLTS

s o
a &
T
.
L]

)
2

°
o
+——
L ]
L )

g

8- Von/Vru

)
3

RATIO OF RESWITCHING VOLTAGE TO
INITIAL THRESHOLD VOLTAGE
s ]
H 3
[ ]

o
8
+

PR
°

: ; 3
(L] ZERO VOLTAGE INTERRUPTION TIME T (vs0) IN ue

FIG. 2. Interruption studies of the on-state (a) voltage vs time (lower trace)
showing set pulse, threshold level switch-on at collapsing voltage, on-state
low voltage, and interruption of the on-state for about 150 ns. Note that
after the voltage interruption is removed the on-state is recovered without
need of reswitching. Scales are 100 V/large division for voltage and 1
us/large division time. The upper trace gives the current vs time showing
ground level, on-current, interruption, and resumption of on-current. (b)
Voltage (lower trace at 100 V/div} and current (upper trace) vs time (500 ns
/div)showing same effects as in Fig. 2(a). The zero-voltage interruption time
is about 600 ns and there is still no signs of reswitching. (c) Voltage (lower
trace 20 V/div) vs time (1 us/div) for eight different interruptions (of on-
state) having increasing zero-voitage interruption time indicating the incep-
tion of reswitching. This effect is first observed in the oscillogram at

t, . o = 1.5 us. Switching threshold is off scale. Upper trace shows current
vs time for a single interruption. (d} Voltage (20 V/large div} vs time (1
us/large div) during variable interruptions showing that beginning of res-
witching effect occurs at 7, . ,, = 0.85 us. Note how the locus of partial
recovery curve is traced out on oscillograms 2(c) and 2(d). (e) Plot of actual
recovery curve (or ratio of reswitching event to initial threshold voltage vs-
voltage interruption time 1, . , for the single-crystal device of Fig. 2(d). The
vertical line is indicative of abscissa intercept for ..., prior to a measur-
able reawitching threshold (V. ).
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FIG. 3. The recovery of the on-state from single NbO; double pulse experiments showing symmetric behavior and very long recovery times. Figures 3(aj-b)
give the voltage waveforms showing the reswitching spikes and the symmetric recovery behavior for positive and negative ¢ Jiarity (10 Vdiv and 1 us/div, and
50 V/div and 500 ns/div, respectively). Figure 3{d) shows the consistency of recovered on-current (80 mA/div, 500 ns/div) independent of reswitching
threshold. Fig. }(c) and Figs. 3{e)}-3(g) show continued increase in reswitching voltage for increasing zero-voltage interruption time. This suggests very long
total recovery times of the order of ms and may represent final thermal equilibrium times.

kHz to 1 MHz) studies were conducted by the techniques
discussed in Refs. 4 and 5.

. EXPERIMENTAL RESULTS AND DISCUSSION

A. Recovery phenomena

Interruption type experiments were conducted with the
second Cober pulser in Fig. 1(a) synchronized to supply a
pulse of equal magnitude to that of the switching pulse, but
of the negative polarity, during an interval of the postswitch-
ing on-time. The second pulse therefore opposed the set
pulse and nulled it out for a specified time. This allows a
variable zero-voltage time by changing the width of the sec-
ond puise or what is known as the total diagnostic pulse. (A
schematic of this type of technique is given in Ref. 8.) Data
showing the effect of increasing the zero voltage interruption
time on the reswitching properties are given in Figs. 2(a)-
2(d). In Figs. 2(c) and 2(d) it is clear that a zero-voltage
interruption time (7, _ ,) greater than r, = 1.4 s will cause a
significant change in the magnitude of th recovered on-voit-
age after the interruption pulse is removed. 7, has been inter-
preted as the lifetime of free carriers.’ The ratio of the res-
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witching threshold to the initial threshold versus zero-
voltage interruption time is plotted in Fig. 2(¢) using the
recovery curve data from Fig. 2(d).

A different type of experiment, known as a double-pulse
study, was performed to determine whether a reversal in
polarity could alter the measured value of 7, for single-crys-
tal NO,. In the double-pulse experiment both Cober pulsers
have the same polarity, and same magnitude. However, they
are separated by a variable interval of interpulse zero volt-
age. The data shown in Fig. 3 give the increasing threshold
magnitude as the interpulse zero-voltage time increases, and
indicate that (1) recovery is symmetric for both pulses posi-
tive or both negative [Figs. 3(a) and 3(b)]; (2) the recovered
on-current is constant as the reswitching voltage is increas-
ing [Figs. 3(c) and 3(d)]; and (3) the recovery process is not
entirely complete even after values of 7y, _ ,, of several hun-
dred us. [Fig. 3(g)}). This ultralong final recovery tail is likely
to be the thermal equilibrium constant.

B. Current-voitage measurements in the on-state

The voltage and current versus time measurements are
given in the oscillograms of Figs. 4(a)-4(c) on a time scale of
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FIG. 4. Oscillograms for a single-crystal NbO, device showing current (up-
pet trace 40 mA/div) device voltage (middle trace, 5 V/div), and applied
voltage (lower trace, arbitrary scale) vs time (20 ns/div) plus ground lines
for current and for device voltage. The trace corresponding to device volt-
age is brosd because it records the superimposed data for five separate on-
state interruptions of switching events. Note plateau and irregular festures
of device voltage as contrasting monotonic behavior of current and applied
voltage. The varisble parameter in thesc oscillograms is over-voltage or
voltage sbove minimum threshold for given pulse width: (8) V.., = 670 V;
M) V..., =670V for broad trace, and V..., = 0 for the narrow trace above
the broad trace (absence of pronounced plateaus); (c) V..., =870 V.

20 ns/div. The structure of the voltage-time trace in each
oscillogram clearly shows plateau regions in the intervals of
20-40 ns and 70-100 ns into the interruption. These regions
correspond to monotonically and smoothly decreasing cur-
rent (upper trace) and to monotonically and smoothly de-
creasing applied voltage [lower curved trace in Figs. 4(a) and
4(c)). The device voltage trace is wider than both the current
and the applied voltage traces because it consists of five (re-
producibly) recorded interruptions of the on-state after
switching events, whereas the corresponding applied voltage
and current were only recorded (in memory) once. It is inter-
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esting to note that the plateau structure of the voltage profile
is consistently less pronounced [Fig. 4(b) center trace just
above wide voltage trace] when switching is accomplished at
minimum threshold conditions (¥, =¥,y ), i.e., with es-
sentially zero over-voltage.

The current dependence during the monotonically and
smoothly declining applied voltage is plotted against device
voltage at the interruption times shown in Fig. 5, as taken
from data of Fig. 4(c). The I-¥ characteristics show on the
averagea linear behavior from 10to about 60 ns, and a subse-
quent region of rapidly decreasing current corresponding to
a slightly decreasing device voltage (60-100 ns) finally fol-
lowed by the superlinear and linear low-voltage higher-im-
pedance subregime (100-120 ns). The transitional regime
(region IV in Fig. 5) appears to develop when the on-voltage
is reduced below the holding voltage for a time in excess of
the trap emission time into the valence band, referred to as
7,. Since the holding voltage in this device is 20-25 V, the
critical time period, derived from region IV in Fig. 5 appears
to be 7, = 1020 ns. The total time (73) beneath the holding
voltage, which is required for the actual development of the
lower conductance subsegime in the on-state, is about 50-70
ns as shown in Fig. 5 in regions 111 and IV. The meaning of
the holding voltage measurement for single-crystal devices
will be discussed later.

For polycrystalline devices short interruptions of the
on-state obtained by pulses similar to those of Fig. 4 also
yielded regions of approximately constant voltage corre-
sponding to decreasing current. The lower-conductance su-
bregime of the on-state is found as in Fig. 5. However, these
data were not as clean as the single-crystal data because of
the requirement of point contact pressure probes and longer
connecting wires to reach the micromanipulator. Nonethe-
less, the device current was clearly not a linear function of
device voltage, and plateau regions were also observed. Sub-
stitution of a 100-2 dummy resistor for the device yielded
the linear dependence of current on voltage expected from a
material devoid of traps.

Some polycrystalline devices displayed a sufficiently
low threshold voltage that the on-state could be maintained
dynamically with a postswitching subthreshold sine, trian-
gular, or square wave as in Ref. 5. The details of the cw
experiments are given in Ref. 8. The holding voltage, for
such a device, as determined by a curve tracer [Fig. 6(a)},
was 3.4 V. The holding voltage V, is defined as the minimum
on-state voltage in the down-voltage direction prior to the
development of current-controlled negative differential re-
sistance. The latter negative region is interpreted to repre-
sent the inception of the switch-off transition mechanism.
The time until the development of the lower-conductance
subregime can be extracted from cw oscillogram data in
Figs. 6(b) or 6(c) as the time between ¥ = ¥, and the change
is slope of the current vs time trace. This current /, corre-
sponds to the knee voltage ¥, . This time interval derived
from the cw data of Fig. 6(c), is about 270 ns. Single-crystal
data of Fig. 5 yields 40-50 ns for the comparable interval.
The corresponding time interval from the previous polycrys-
talline study of devices having aluminum contacts is about

Vezzol of al. 836
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(V, =22V atr,, = 50 ns) for about 20 ns. This is interpreted as a transitional regime of relatively constant voltage (plateau) from the conduction band to a
trapping band {region IV). Inset shows expanded scale of voltage plateau region corresponding to decreasing current for an interruption of a different
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100ns.*? Figure 7 gives the holding votlage for single-crystal the lower-conductance subregime. It corresponds to the sec- i
NbO, from curve tracer data, and shows that the switch-off ond-plateau region in Fig. 4{c). This plateau region is far {
for single-crystal devices occurs from the lower conductance more pronounced at higher over-voltage than at the zero- i
subregime of the on-state without observed discontinuity in over-voltage event shown in Fig. 4(b). There is no change in '

the 120-Hz data.

C. Character of the current during interruption ot the
on-state

The character of the current during the decreasing volt-
age excursion will be discussed according to Fig. 5 where we
distinguished five different regions of behavior.

Region 1 (0-10 ns): The first part of this region is prob-
ably related to the free-carrier response time which is limited
by the dielectric relaxation time r, = RC = (35 ¥ /0.2
AX5X10)"2 pF) = 10 sec. Thus a ns probably occurs be-
fore the voltage is actually visible. During the region 1-10ns
the current shows little or no decay, probably because the
trap release time is of the order 10 ns.

Region 11(10-50ns, R = 125 02 ): This interval displays
linear characteristics and thus appears to represent the true
I-V characteristics of the metal-like on-state of NbO,. The
region from 20 to 30 ns corresponds to the first plateau re-
gion in the ¥ va t data in Figs. 4(a)~(c). Microscopically it
may represent the beginning of a conduction band emptying
into unoccupied shallow donor states. Region II is approxi-
mately extrapolatable through the origin.

Region 111 (50-60 ns, R = 33042 ): This region, located
at voltages under the holding value, may be associated with
the start of a relaxation to the transitional state.

Region IV (70-90ns, R = 2042 ): Thisis clearly the tran-
sitional region from the high-current metal-like regime to

| <14 J. Appl. Hvi;. Vol. 52, No. 2, February 1981

the plateau structure as the applied votlage is increased from
1330 to 2200 V, that is, a range of almost 900 V in over-
voltage has no apparent effect on the knee structure of the
transitional regime (region IV). Thus we assume that traps
are saturated just above the threshold, and that the knee
structure is indicative of trap emptying.

At high over-voltage the bands are more populated
with frec carriers, and are apparently more perturbed over-
lapping, and/or interacting. We interpret the transitional
regime to be caused by a voltage that is less than the holding
value for a time in excess of the trap emission time. This is
supported in Ref. 5, wherein no such regime occurs for rapid
descent of on-voltage as accomplished by a 1-MHz square
wave.

At low-frequency (120 Hz), single-crystal devices of
NbO, do not show the same type of on-state I-¥ behavior as
the voltage is decreased as do the polycrystalline devices.
The latter, as seen in Fig. 6(a), displays the presence of a
pronounced negative region and of a switch-off transient.
The single-crsytal curve tracer data of Fig. 7 has a voltage at
the knee condition corresponding consistently to the voltage
for the inflection point between regions II and 111 (at 50 ns
into the interruption in Fig. 5). This may add credence to the
suggestion that the increased differential resistance of region
111 relative to that of region I may be due to falling beneath
the holding voltage and consequent decay of some carriers.

Region V (100-120 ns, R = 750 2 ): The I-¥ regime of
region V is referred to herein as the lower conductance sub-

Vexzoll of &/, 837




s~ uqr

I TH S

CURRENT VS VOLTAGE
IFROM CURVE TRACER)
POLYCAYSTALLINE
SAMPLE

0.5v/id

2 maldee

Vh = 34v

(11}

CURRENT

VOLTAGE

VOLTAGE AND CURRENT
VS TIME - TO DETERMINE T1-

at .
vy, - vy

V! - 1V -

1@ 2 ps/dw, vidw) - 3000

{b}

Ve

w
Q
<
-
3
O
>
a
4
<
-
2
w
3
&
3
9

c}

& CURRENT AND VOLTAGE

<

t < 500ns/div

T =210m

TIME

FIG. 6. On-state data for polycrystalline devices showing holding voltage
(¥, ) and knee current ({, ). (8) (Current 2 ma/div) vs voltage (0.5 V/div)
taken on curve tracer (120 Hz). The data shows the on-state (upper curve)
for decreasing voltage passing through minimum device voltage followed by
negative resistance region and switch-off transient to off-state. From this
data V, is taken as 3.4 V for the polycrystalline NbO, device. (b) Voltage
{upper trace 2 V/div) and current (showing knee) vs time (2 us/div) for on-
state sustained by 152 kHz triangular wave. From these data we estimate
the time between ¥, and ¥, as ~ 300 ns, where V, is the voltageat the knee
in current /, . (c) Same as Fig. 7(b) except ¢ = 500 ns/div, hence we estimate
ty, — s, =270 na=7,. Thisis the time below the holding voltage for the

development of the blocked state or what is presently interpreted as ap-
proximating tne distribution trapped carrier decay time 7, for the polycrys-
talline device.

regime of the on-state. In the present interpretation this re-
gion could correspond to hopping conduction in a trapping
level or band. Such a band can only accept free carriers from
the conduction band after the trapped carriers emission time
{r, = 10-20 ns) has been exceeded. This means that the carri-
ers which were trapped during the preswitching regime have
had enough time to decay in order to leave trapping sites
vacant for the capture and recombination of carriers which
were in the conduction band during the Ohmic region 11 and
I11. The manner in which a trapping can arise from a crystal
chemical standpoint in nonstoichiometric NbO, is described
in the Appendix to this paper. Alternatively, region V may
be associated with residual trapped charge and consequent
high-resistance regions near the contacts, provided there ex-
ists an asymmetry in charge distribution.

838 J. Appl. Prys., Voi. 52, No. 2, February 1981

IV. CONCLUSIONS

From the above discussion and data it is clear that there
are two time constants regulating the behavior of the on-
state characteristics of NbO,. The shorter of these time con-
stants, 7, which we estimate at about 10-20 ns, seems to be
associated with localized trapped carriers whose recombina-
tion back into valence states lead to transitional regime. The
longer time constant 7, (about 0.8-1.2 us), seems to be asso-
ciated with the decay of the free-carrier concentration such
that a reswitching event is necessitated.

The ratio of these time constants 7, /7, should yield an
indication of the proportion of free carriers which, when
recombined, will trigger avalanched recombination into the
trapped band and ultimately into the valence band. Thus
(10-20 ns/0.8-1.2 us = 1/60th of 5 x 10° recombinations,
or about 10°® recombinations appear to trigger the instability
which generates the tranistional regime. Such a recombina-
tion could be ample to remove any screening effects and gen-
erate the reverse of a postulated insulator-metal Mott transi-
tion. It should also be noted that the ratio of the differential
resistance of region IV to that of region V is approximately
2002 /750 12 or about 1:40, corresponding to changes in car-
rier concentration and mobility. This agrees with the rela-
tionship that r,/7, = G, /G,, where G, refers to the conduc-
tance of the transitional regime and G, to the lower
conductance regime. This supports the contention that the
lower conductance subregime is governed by the carrier as-

saciated with 7,. In the lower-conductance regime the re-
combined centers could participate in hopping conduction.
However, the transitional regime is probably influenced
strongly by free carriers as well as by trapped carriers.

Finally we should note that single-crystal devices and
polycrystalline devices seem to indicate differences in their
comparative 7, and 7, values. Recalling that 7, refers to the
total time beneath the holding voltage prior to the develop-

CURRENT
{(10mA/div)

0 v—-

VOLTAGE = 20v/div

FIG. 7. Current {10 mA/div) vs voltage (20 V/div) at switching and in
down-voltage direction for a single crystal device taken on curve tracer,
showing off-state and switch-on threshold (horizonta! trace) and on-state
for decreasing voitage (vertical trace). This shows a kneeat V' = 22 V as-
sumed to represent ¥, . Note absence of switch-off transient during on-state
regime, in contrast to Fig. 6(a). This observation has been an important and
consistent distinction between single-crystal and polycrystalline NbO,
threshold switching devices. Arrowhead shows direction of increasing time
from zero to positive phase.
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ment of the lower conductance regime, we note that the data
from Figs. 5 and 6 show 7, (single)/ 7,(poly) = 50 ns/270
ns. This suggests a far longer trap release time (7,) or a stron-
ger trapping probability for polycrystalline NbO,. This is
entirely reasonable from a defect oxide standpoint, the poly-
crystalline structure supplying a far greater diversity of trap-
ping mechanisms. The data also indicate that r, (single)/7,
(poly) = ~ 1 us/200 ns, which is interpreted to mean that
for an equal field there are apparently more free carriers in
the conduction band of a single-crystal device than for a
polycrystalline counterpart. This also is reasonable from the
standpoint of more perfect materials promoting delocaliza-
tion of charge, longer mean free paths and times, and higher
free-carrier concentrations.

APPENDIX

The change in current during the transitional regime
from 60 to 100 ns (in Fig. 5) into the interruption is about 83
mA, or 41 /At = —83x107° A/40%x 10 %= — 2% 10°
A/s or — 2X 10° (Coui/sec’). The rate of voltage change
during this interval is —4V/40x 10" °s= — 1x10**
V/s. Dividing tells us that for every volt decrement in on-
potential there will occur 1 X 107 electron/sec decay or in an
inverval of 40 ns in which the voltage is decreased by 4 V(the
transitional regime in Fig. 5), there will occur
4%10"" X 40X 10~° = 1.6 X 10'° electron recombinations.
We now assume that these recombinations are accomplished
through trapping sites furnished by the niobium ions which
compensate for the oxide nonstoichiometry. From a crystal

639 J. Appi. Phys., Vol. 52, No. 2, February 19681

chemistry standpoint we can write the nonstoichiometric
form of NbO, as NbO, _, and retain charge balance by as-
suming some fraction of cations to be in a lower oxidation
state than + 4.

Thus we rewrite NbO, as

[Nb} b3 2 )]0} .

We know from previous work that the nonstoichiome-
tric compound NbO, ,, represents the lowest oxygen con-
tent for reproducible threshold switching of polycrystalline
devices. Therefore if we take x = 0.13 and solve the charge
balance equation, we arrive at y = 0.87.

This suggests that at y = 0.87 there will exist too many
NbO, trapping centers in order that trap saturation or near
saturation could be accomplished by the electric field. As-
suming no other trapping mechanism this implies that the
ratio of Nb* to Nb*2 must be greater than 0.87/0.13 ~6:1.
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