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Data are presented showing that the post switching, high-conductance on state of NbO, can be sustained
by use of a subthreshold high-frequency square wave. However, it cannot be sustained by a triangular cw of
the same peak amplitude and frequency. The decay in the latter regime is due to the slower rise and fall rate
of the triangular wave and the relation to recombination time. Equations are given to analyze the charging
conditions for the sustained or decaying state, and the change in carrier concentration which permits the

critical decay is calculated.

Niobium dioxide undergoes an electrical thresh-
old switching transition when addressed by a suit-
able pulse® or continuous wave.? The on state can
be preserved after the initial set pulse by use of a
continuous pure or distorted square wave of high
frequency (~1 MHz) and subthreshold amplitude.?
The simple dual-power-source switching circuit
is given elsewhere.* The maintenance of the on
state using a square wave, which is distorted by
the protective diode, is presented in Fig. 1, This
figure shows two oscillograms with the upper trace
of each giving first the switching set-voltage pulse,
followed by the 1-MHz square wave required to
sustain the on state. The maximum voltage of the
square wave shown in Fig. 1 is equal to the post-
switching on-voltage, The lower trace of each
oscillogram presents the initial switch-on current
(including the overshoot displacement current),
followed by the on-current as it responds to the
changing cw voltage. The constancy of the peak
current should be noted,

Two oscillograms are presented in Fig. 1 to
show that the difference in delay times of the set
pulse (before switching occurs) does not affect the
maintenance of the on state. The post-switching
high-conductance state is sustained even though
for a finite time (<100 nsec) the cw voltage is
beneath the dc holding value. The data of Fig. 1
are interpreted to mean that the fall and rise rates
of the cw are sufficiently fast such that critical re-
laxation and decay do not occur. Such a decay
would cause a switch-off because the cw-voltage is
much less than the threshold voltage. The peak cw
amplitude mustbe atleast equal to the dc holding volt-
age, and the time below the holding voltage must
be restricted to a maximum allowable value in or-
der that the on state be preserved in this manner.
A similar effect of the cw maintenance of the on
state is observed in chalcogenide glass threshold
switching devices,® however, with some difference
in the current-voltage on-state curves at given
frequencies relative to the I-V curve for the on

state of NbO,,

We have in this laboratory for quite some time
contended that a field-induced threshold switching
semiconductor-to-metal transition requires both
a specific value of electric field and of charge
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FIG. 1. Sustaining of the on state of NbO,. Upper
oscillogram: Pulsed and 1-MHz square-wave voltage
(upper trace) and current for switch-on and sustained
on state. V=10 V/div, I=50 mA/div, ¢=500 nsec/div.
Devices are planar thin films of NbO, in diode packaging
with aluminum dot contacts, and are described in de~
tail in Refs. 1 and 2. Lower oscillogram: Same effect
as above but for shorter set pulse, £=1 usec/div. In
both oscillograms the negative cycle of the square wave
is noncritically distorted by the input diode which is
utilized to protect the two power sources from each
other.
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density, as well as two types of carriers—one
trapped and one free.>®® Contrasting the behav-
ior shown in Fig. 1, if the square-wave source is
replaced by a triangular wave of the same ampli-
tude and frequency—thus the only change being
the time rate of change of applied voltage—the on
state is no longer preserved indefinitely, but under-
goes the rapid decay to the off state as shown in
Fig. 2. This figure also gives two oscillograms
showing the voltage in the upper trace and the cor-
responding current in the lower trace of each
photograph., The set-voltage switching pulses are
similar to those in Fig. 1; however, the post-
switching 1-MHz triangular cw is incapable of
maintaining the on state as attested by the decay-
ing peak current in both oscillograms. The cw
current eventually decays to the preswitching off-
state value, and the device voltage climbs to the
.level corresponding to the value before the resis-
tance collapse. Prior to switching, the voltage
falls largely across the device as shown by the

set pulse. Subsequent to switching, the set volt-
age falls primarily across the protective load re-
sistor, and in the high-conductance state only the
low-level on-voltage falls across the device. Thus
in Fig. 2 the unique voltage-charge-time holding
conditions which maintained the on state in Fig. 1
are not met in the experiment shown in Fig. 2.
This paper endeavors to functionally outline these
voltage-charge-time holding conditions.

We assume that the cw-induced on-current will
be determined by charging the inherent device
capacitance C, plus the addition in parallel of
nonlinear currents arising from all internal charge
transport carriers.®® Thus

av aq;
In=Co g 2. 1

We also assume that the on state of the NbO, thin
film is dominated by electrons (perhaps undergo-
ing d-d transitions” because of overlap of d-orbit-
al wave functions in distorted rutile-type struc-
tures), and that ¢, represents a trapped electron,
and g, a free electron. Then

dV+%+ iy .

Im=Co zr*ar * & (1

Since the square and triangular waves differ only

in their time derivatives of voltage, and since we

wish to express the constant maximum cw current
in Fig. 1, we take the time derivative of Eq. (1).

AUf)_ (o V), d gy, 4 g
dt dt dt dt dt’

or by the chain rule,
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The above equation is utilized in order to express
the rate at which the field generates charge.*®

The maximum value of measured cw current as a
function of time, after the set pulse, must be
evaluated. Hence the differentials of Eq. (2) must
be summed over every cycle and thus include the
contributions of generation and decay. The ration-
ale for using the summation form is given in the
Appendix to this paper. Upon differentiating the
product C()dV(t)/d¢i and summing we arrive at

dzg - o0
on{max. .
Z(C(t) @ a Ta
d dg, dv _ d dg, dV
—_— il
tEaataa dt)° ®)

The resulting magnitudes must be evaluated at
Vimax @nd t=7/4, 57/4, 97/4,..
wave we have from Fig. 1

For the square

FIG. 2. Decaying of the on state of NbO,.
cillogram: Pulsed and 1-MHz triangular-wave voltage
(upper trace) and current for switch-on and decay of

Upper os-

on state. V=10 V/div, =20 mA/div, t=1 usec/div.
Note decaying envelope of on-current. Lower oscillo-
gram: Same effect of decaying on state for longer set
pulse, I=50 mA/div.
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vV
dt 100 nsec

during positive rise timeé

av
Y _o
dt

during constant voltage interval

av__4
dt 50 nsec

during positive fall time and negative rise time
and V(¢) during the negative fall time is an almost
linear function of time.

If a pure square wave were substituted for the
distorted square wave, the maximum on-current
would still be preserved as it is in Fig, 1.5®
Thus, the nonconstant V for the negative fall time
is not critical, and for an on-state maintaining
condition we can write V=4V/(400 nsec) for this
interval. Then the second derivative of voltage
versus time is essentially zero at every point
where V(¢) is differentiable, and we have the equa-
tion

s gL o

Any decay which occurs in I (,.,, as a function of
time will then according to Eq. (4) be a cummula-
tive effect of the change in the time rate at which
the field generates charge. This is because if
this rate does not keep pace with or exceed the re-
combination rate, the on state cannot be sustained.
Then, as in Fig. 2, recharging would be too slow
to compensate for the allowed rate of decay due to
the more slowly falling cw., The on-current then
falls off as if I ..., Were critically damped. Equa-
tion (4) thus specifies the condition for the preser-
vation of the on state (provided at least a minimum
charge flows).

If we now consider the on-current corresponding
to the maximum in the first cycle as an initialscur-
rent, and consider only the decay or absence of de-
cay due to the next cycle, we have for Fig. 1:

4 _dg; _dct) 5)
dt anet dt ’

4 dgp __
dt AV et
which is interpreted to mean that the field-induced
growth of g, occurs directly from the supply of ¢,

to sustain the on state. If ¢, and g, represent
trapped (n,) and free (n,) carriers, as one might
expect,® then Eq. (5) states that if the specified
charge balance or equilibrium is not sustained,
then the free carriers g, will fall back into the
traps out of which they had been liberated origin-
ally, and the on state will decay into the off state.
Thus, if because of decay and a slow charging
rate, n, does not supply »n, at a rate equal to or
larger than the natural recombination rate of n,,

then a transition must occur to the off state.

For the triangular-wave data in Fig. 2, the volt-
age falls and rises at a slower rate than for the
square wave in Fig. 1 even though the frequencies
are the same. For the decay regime the only dif-
ference in the treatment is that I’on(max) is not zero.
We allow K =dV/dt and write :

[ dny , dng\ , dC(t)

dt\dv dv da )

From the decay data of Fig. 2, considering only
the first two maxima of 7 , we have AI/A¢=20

x 10 A/sec, K =2x 107 V/sec. Changing units al-
lows us to write

t=tUmyy ) [i (dn1 . _dﬁg> L dc()
dt dV dV dt net

dIon max!

t:t(I,'naxl)

=6x 10% electrons/V sec.
Since decay is obviously occurring in Fig. 2, this
means that a net recombination into traps or into
the valence band is taking place at the rate of
about 6 X 10'%/sec (free carriers for every volt de-
crement in potential). Thus as the amplitude de-
creases from 4 V to zero in 200 nsec a total of
about 5% 10° net recombinations occur. We know
from recovery curve data (Ref. 2) that the distri-
bution carrier lifetime in the on state is about Ty,
=200 nsec (astaken from double pulse experiments
measuring the reswitching voltage after intervals
of voltage interruption). Thus we conclude that
during the zero voltage time of 200 nsec at least
5% 10° carriers undergo net recombination.

In the present treatment we have.considered the
capacitance C, as a variable function of time. We
calculate the dielectric relaxation time 712 =vRC
in the on state as about 7,=80 Qx 2pf =10~ 10 sec,
which is shorter than the rise time at 1-MHz fre-
quency. This indicates that any time constant
greater than 7, should be clearly visible in the
experimental data provided proper instrumentation.

To determine the change in the total current den-
sity as a function of time one must also consider"
the current channel cross-sectional area and its
time rate of change, and thus evaluate

e d
J= Et- {Ion(max) (t)/A (t)} .

The treatment given herein must be temperature
dependent in dg/dV because the NbO, on-state re-
sistance, unlike the chalcogenide glasses, changes
considerably as ambient temperature is lowered.
Typical Ohmic resistance values are 80-140
for the on state at room temperature and about
400-500 © at liquid-nitrogen ambient. Future
work will evaluate the recovery curve of the on
state at cryogenic and at elevated temperatures
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to compare it to the extensive temperature-inde-
pendent recovery data for chalcogenide glasses.
As a further check on the decaying effect of Fig.
2, two more sets of experiments were conducted,
one with a 1-MHz ramp function as the cw, and
the other with a 0.5-1.5-MHz sinusoidal cw. The
ramp function data showed a behavior very sim-
ilar to the positive cyclic and decaying behavior
of Fig. 2. In order to prove that the preservation
of the on state in Fig. 1 (relative to the decay in
Fig. 2) was not a result of the larger integrated
duty cycle of the square wave, a high-frequency -
sine wave generator was utilized to determine at
what frequency the triangular wave would have
sustained the on state. The sine wave trace ap-

" proximated that of the triangular wave very close-
ly, and at a frequency of 1 MHz the sine wave de-
cay data had the appearance of Fig. 2. However,
as the frequency was raised such that the rise and
decay time would approach that of the square wave,
it was found that the on state could be generally
sustained as in Fig. 1 at a frequency of about 1.5
MHz. This corresponded to a voltage-rise time of
about 150 nsec and a voltage-decrease time of
slightly less than 150 nsec (the difference being
due to some wave distortion). This is intermedi-
ate between the conditions of Figs. 1 and 2, yet"
sufficient to sustain the on state. As the frequency
of the sinusoidal wave was decreased, the expected
switch-off occurred. These observations are
strong deterrents against any suggestion that
switching in NbO, may be due to thermal avalanche.

Another observation during these latter sets of
experiments was that if the initial cw current, im-
mediately after the switching transition, were not
above a threshold value, then the on state was not
sustained. However, in such a case the on-current
did not show the characteristic envelope decay of
Fig. 2. Instead it corresponded to an off-state cur-
rent of constant peak amplitude, and was a simple
response to the cw voltage.
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APPENDIX

The reason for the summation form becomes ap-
parent if we assume the following.

As the electric field increases, field-induced
free carriers are generated at the rate dn,/dt
via the emptying of traps or the direct population -
of the conduction band. Trapped carriers are gen-
erated at the rate dn,/dt and are trapped in time
7,. Thetrapped carrierispromotedbythe field (or
tunnels) into the conduction band in time 7,, how-
ever, recombines back into the valence band at
the rate dn,g,/dt. The free carrier recombines
back into a trap at the rate dn,,,/df, and into the
valence band at the rate dnyg,/df. I we then en-
vision the switching transition to occur after most
of the available traps are filled, we postulate it
then requires a time of the order 7,+7,.

Now in Figs. 1 and 2 most of the traps are filled
at time ¢, because in both figures the set pulse
has initiated a bonafide switch. Thus an initial
free-carrier density or number of free carriers
N,; is specified. The on-voltage pulse then drops
to zero, and the accompanying current decay
specifies a new number of free carriers, N,. The
cw voltage then rises but in the case of Fig. 2 at
a rate such that

dny < d”zgz< dnaspy .
dt dt dt
Then at ¢ =7/4 when the cw voltage has reached its
peak value a new number of free carriers N,

A =7 /4y
are conducting. We can then write

d d 1d
NagriyNo =(| 25555 + | 2222 | - |22 /). a0

The voltage then decreases to zero and the num-
ber of trapped carriers decreases at the rate
—dn,/dt - |dn,gy/dt |, because the falling voltage
decreases the generation rate, plus decay takes
place at the natural recombination rate. Thus at
the end of the first half-cycle of the cw current
the number of free carriers becomes

dn dn
Nagoom=Na=(| 225 + o
dny

. )@/4) - Baugry, (a2
where dn,,/dt equals the decrease in free carriers
as a function of time during the decreasing voltage
cycle and includes natural recombination.

The above process now continues for the increas-
ing and decreasing negative cycle. It is thus seen
that if the regime is continued there is a value of
dnz;,,/dt such that N,(¢) will be less at ¢=57/4 than
at £=7/4. The net effect must be cumulative. Thus



19 SUSTAINING AND DECAYING OF THE ON STATE OF... 6473

the summation sign is used in order to sum the dif-
ferentials which are approximated by the mea-
sured data. The current is then directly propor-
tional to the free-carrier population through
J=1/A=NeuE/Vol.®

The same treatment as above could be applied
to the number of filled trapping sites at swtiching,
N,s Under the condition

dny  dnigy
dt a ’

it can be shown that as each cycle continues, the
number of filled trapping sites, N,, will decrease.
Thus as the increasing field is reapplied, the
charging must first fill the appropriate number of
traps, and the excess energy can then populate the
conduction band. However, as N, decreases, this
excess energy is less.

To explain Fig. 1, the question must be asked
what condition must be specified for zero decay
such that N, at t =m +1)7+7/4 to be equal toN,
at ¢t =m7+7/4? Obviously, the first condition is

dn ( dn )
From Eq. (A2) to avoid decay in I ,maxcw W
must specify

dny dn s |z
dt a |’
Thus
dngg dng
dat dt
But
dngg_dn, dvV,
a d4dv, d’
thus
dng dVy  dng dV;
v, dt v, di’

where subscripts d and ¢ represent decreasing and
increasing voltage.

From Fig. 1 it is clear that dV,/dt> dv,/dt.

Thus we conclude that dn,/dV, <« dn,/dV;.

This states that the decrease in free carriers
with decreasing electric field is much less than
the increase in free carriers with increasing elec-
tric field in the Fig. 1 regime where N, (t),,, is
essentially constant. This is because the decrease
in voltage (beneath the holding voltage) with re-
spect to time is occurring in a time shorter than
the recombination time of the distribution.'
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tive cycle for the distorted triangular wave is con-
trolled so as to be equal to that for the distorted square
CW, or greater than the holding voltage. Thus, the
decaying of the on-state is not a result of the diode
curtailing the triangular CW amplitude. ‘

From Refs. 1 and 2, the interelectrode volume is

about 108 cc for the NbO,device. Therefore, carrier
recombination in Fig., 2 occurs at 5%10'7 carriers/CC
which approaches the inverse of screening degeneracy
conditions in Mott insulators (inducing a transition to
the metallic state via interfering with the Coulombic
electron-hole attractive potential and releasing carr-
iers into the conduction band). This implies that a time
interval of a multiplier factor of 10 larger than the
200 ns utilized in the calculation would cause the
carrier recombination rate to offset the conditions re-
quired for Mott degeneracy such that total decay to the
off-state would result. This is borne out in Fig. 2
showing that after about 3 K sec the current decays
to the off-state level.
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FIG. 1. Sustaining of the on state of NbO,. Upper
oscillogram: Pulsed and 1-MHz square-wave voltage
(upper trace) and current for switch-on and sustained
on state, V=10 V/div, =50 mA/div, =500 nsec/div.
Devices are planar thin films of NbQ, in diode packaging
with aluminum dot contacts, and are described in de-
tail in Refs. 1 and 2. Lower oscillogram: Same effect
as above but for shorter set pulse, =1 psec/div. In
both oscillograms the negative cycle of the square wave
is noncritically distorted by the input diode which is
utilized to protect the two power sources from each
other.



FIG. 2. Decaying of the on state of NbO,. Upper os-
cillogram: Pulsed and 1-MHz triangular-wave voltage
(upper trace) and current for switch-on and decay of
on state. V=10 V/div, I=20 mA/div, t=1 usec/div.
Note decaying envelope of on-current. Lower oscillo-
gram: Same effect of decaying on state for longer set
pulse, I'=50 mA/div.



