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Oscillatory devices have recently attracted significant interest as key components of computing sys-
tems based on biomimetic neuronal spiking. An understanding of the time scales underlying the spiking is
essential for engineering fast, controllable, low-energy devices. However, we find that the intrinsic dynam-
ics of these devices is difficult to properly characterize, as they can be heavily influenced by the external
circuitry used to measure them. Here we demonstrate these challenges using a VO, Mott oscillator with a
sub-100-nm effective size, achieved using a nanogap cut in a metallic carbon nanotube electrode. Given the
nanoscale thermal volume of this device, it would be expected to exhibit rapid oscillations. However, due
to external parasitics present within commonly used current sources, we see orders-of-magnitude slower
dynamics. We outline methods for determining when measurements are dominated by extrinsic factors
and discuss the operating conditions under which intrinsic oscillation frequencies may be observed.
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I. INTRODUCTION

Brain-inspired computing has attracted much interest
as a path to more efficient artificial intelligence. Hard-
ware implementations of such systems often require fast,
controllable, low-energy sources of neuronlike spiking
[1,2]. Such spiking can be produced in compact memris-
tive switches, which are two-terminal devices exhibiting
electronic instabilities like negative differential resistance
(NDR), often constructed using channel-forming oxides
[3], chalcogenides [4], or Mott insulators that undergo an
insulator-metal transition (IMT) [5—7]. Examples of Mott
insulators include vanadium dioxide (VO,) and niobium
dioxide (NbO;), which undergo an IMT at around 340 K
and 1070 K, respectively. As the temperature is increased
above this IMT temperature, the material undergoes an
abrupt increase in conductivity, typically by several orders
of magnitude, which reverses upon cooling.

Devices constructed from such switching materials
frequently exhibit strong coupling between nonlinear
thermally-activated electrical transport and localized Joule
heating [8,9]. When measured using a voltage source,
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feedback between these processes leads to abrupt volatile
switching in current and resistance, but when a device is
driven by a current source, it displays an electronic insta-
bility and NDR. When biased within the region of NDR in
the presence of one or more parallel capacitors, the volatile
resistive switching of the device, together with the parallel
capacitor’s charging and discharging, can produce periodic
self-sustained oscillations in the device voltage and cur-
rent. This setup is known as a relaxation oscillator or a
Pearson-Anson oscillator, and can produce sharp spiking,
useful in the construction of biomimetic circuits [10—-16].
The parallel capacitor involved in excitations can originate
from intrinsic device capacitance, unintended external par-
asitics, or intentionally added external capacitor(s). Identi-
fying which of these capacitances are driving the dynamics
and influencing the oscillation frequency can be chal-
lenging, especially because current source instabilities can
complicate measurements of oscillations. Consequently,
the resulting oscillation frequencies can be incorrectly
assigned to the device’s intrinsic thermal and electrical
time scales.

In this work, we probe the IMT in sub-100-nm regions
of VO, using a nanogap cut in a single-wall metal-
lic carbon nanotube (CNT), which forms ultranarrow
electrodes approximately 1 nm in diameter. This nanogap

© 2023 American Physical Society
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test platform was inspired by previous work with phase-
change memory [17], but has not been applied to volatile
switches until now. We expect that an increase in oscilla-
tion frequency and reduction in energy might be gained by
shrinking Mott switches down to the nanoscale, especially
if device capacitance reduces [6,18]. However, despite
the extremely small volume (low thermal mass) heated
and cooled across the IMT, these nanogap devices oscil-
late at (kilohertz) frequencies comparable to much larger,
micrometer-sized devices due to the influence of electri-
cal capacitance from the current source. In contrast, we
find that we are able to access intrinsic device dynamics
in devices with a single metallic CNT used as an addi-
tional nanoscale heat source, either by reconnecting the cut
CNT with metallic VO, at higher bias or by using a con-
tinuous CNT [19]. We address means for identifying the
dominant electrical capacitance involved in oscillations as
either intrinsic or extrinsic to the device. We also show that
device dynamics may be effectively switched between dif-
ferent driving capacitors depending on the choice of the
series resistor as well as electrothermal device parameters,
providing a means to reconfigure spiking frequency and
avoid current source interference.

II. RESULTS AND DISCUSSION

A. Nanogap device structure and characterization

As shown in Figs. 1(a) and 1(b), we fabricate nanoscale
VO, devices by utilizing single-walled metallic CNTs
approximately 1 nm in diameter as electrodes. Aligned
CNTs are grown on a quartz substrate and transferred
[21,22] onto a thin film (5 nm thick) of VO, grown epitax-
ially [23] on TiO; (101). After patterning the VO, by wet
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FIG. 1.

etching, 50-nm-thick Pd is deposited to make metallic con-
tacts with both the VO, and CNTs [22]. A CNT running
between the contacts is physically cut near its midpoint by
using an atomic force microscope (AFM) tip (see Sec. 1 of
the Supplemental Material [24] for additional fabrication
details including lithography, etching, and AFM cutting).

The current-voltage behavior of the nanogap device
[Fig. 1(c), corresponding to the device in Fig. 1(b)] at
lower voltages (below 8 V) is dominated by the insulating
VO, in the nanogap, with an IMT occurring in the gap at
Vs =8.3 V (abrupt jump in current marked “IMT1”). Once
the VO, in the gap becomes metallic, as V is increased,
the now metallically connected CNT acts as a localized
Joule heater (i.e., the gap in the CNT is shorted by the
metallic VO, within). This causes a second, larger IMT
(marked “IMT2”) in the VO, along the length of the CNT,
associated with a region of NDR (seen once the voltage
drop across Rg is subtracted; see Supplemental Material
Fig. S2 [24]) between Vs =20 V and 23.4 V, followed by
an abrupt jump in current at around 23.4 V. The IMT2
behavior is similar to that observed in previous work with
a continuous (uncut) CNT as the heater [22]. Switching
is repeatable and similar among other CNT-VO, nanogap
devices, although the switching voltage and magnitude of
change in resistance are dependent on the nanogap length
(see Secs. 2 and 4 of the Supplemental Material [24]).

To experimentally validate the nanoscale heated vol-
ume and switching region associated with each IMT in
these devices, we use Kelvin probe microscopy (KPM) and
scanning thermal microscopy (SThM), two scanning probe
techniques with sub-100-nm spatial resolution. KPM maps
the local surface potential in a biased device, and when the
image is first-order flattened (i.e., by removing the average
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CNT-VO, nanogap structure and static behavior. (a) Schematic illustration and measurement setup for a VO, device with a

cut metallic CNT on top forming the electrodes. Rycope is the resistance of the measurement oscilloscope and Ry =200 k<2 is a series
resistor reducing current overshoot [20] and overheating failures. (b) AFM image of a CNT on VO, after cutting the CNT with an
AFM tip, creating a nanogap of less than 100 nm. (c¢) Typical quasistatic current-voltage characteristics of a nanogap device measured
using a voltage source (blue) and a current source (red), showing that switching occurs in two steps. The first corresponds to the IMT
of the nano-sized VO, volume within the CNT gap (IMT1), and the second to the larger IMT volume of VO, between the Pd metal
contacts along the CNT (IMT2), which is connected by metallic (post-IMT1) VO, within the nanogap. The inset magnifies IMT1 with
identical units on the axes.
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linear potential drop between metal contacts; see Sec. 3 of
the Supplemental Material [24]), regions of contrast high-
light changes in resistance and electric field [22,25]. KPM
of a nanogap device held at V=8V, just prior to IMT]1,
exhibits sharp contrast at the CNT nanogap [Fig. 2(a)],
indicating a concentrated field within it.

Additionally, we use SThM to map changes in device
heating [22,26], as seen on the surface of a 35-nm
poly(methyl methacrylate) (PMMA) capping layer used
to electrically isolate the SThM tip from the device. The
same device at an identical bias imaged using SThM
exhibits localized heating within the nanogap [Fig. 2(b)],
while no significant heating is observed along the rest of
the CNT or VO,. This is consistent with finite-element
electrothermal simulations [Fig. 2(c)] based on a ther-
mally induced IMT in the nanogap (see Sec. 4 of the
Supplemental Material [24]), which shows that significant
heating occurs only in the VO, within the gap and at the
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interface between the VO, and cut CNT ends. Heating
at the two CNT tips forming the nanogap is dominant
in the simulation, but blurring due to the finite tip size
and thermal exchange radius [27] can cause the experi-
mental appearance of a single hot spot centered on the
gap. At a bias just beyond IMT1, the simulated maxi-
mum temperature of the VO, in the nanogap is only about
10 K above its IMT temperature (7= 328 K) in steady
state.

Beyond IMT1 but prior to inducing IMT2 (at
Vs =16 V), much weaker contrast is observed in the flat-
tened KPM image in Fig. 2(d), consistent with a lower
voltage drop and field across the VO, in the gap, which
turns metallic after IMT1. SThM [Fig. 2(e)] at this bias
indicates that heating occurs not only in the gap, but also
along the full length of the CNT, indicating that the CNT
is effectively reconnected by the metallic VO, in the gap.
Finite-element simulations shown in Fig. 2(f) also confirm
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FIG. 2. Localized electric field and temperature during IMT1 and IMT?2. (a) Flattened KPM image of a nanogap device held at
Vs =8V (with Rg =200 k€2), just prior to IMT1. First-order flattening of the surface potential removes the average linear potential
drop between the Pd contacts, and the contrast at the gap indicates a strong field within it [24]. The positive contact (ground) is outside
the bottom (top) of each image. (b) SThM image of the same bias in the same device (now capped by PMMA) showing highly localized
heating in the gap. The color bar refers to the SThM voltage, which is a measure of the change in local temperature on the PMMA
surface. (c) Simulation of the capped nanogap device, showing the temperature on the PMMA surface prior to IMT1. (d) Flattened
KPM image of the same device at Vs =16V, after IMT1 but before IMT2. There is a lower potential drop across the gap once it is
metallic. (¢) SThM image of the same bias and device (capped by PMMA), showing heating in the gap and also along the rest of the
now-connected CNT. (f) Corresponding simulation of the capped device temperature on the PMMA surface, after IMT1.
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heating of the VO, along the entire CNT length, leading to
IMT?2.

B. Origin of oscillation frequencies

When biased using a constant current within a region
of NDR, it is possible to produce self-sustained periodic
electrical oscillations, aided by an external or internal
parallel capacitor [11,19,28]. In a comparable micrometer-
scale VO, device made without a CNT (L=3.5 um,
W =2.7 um) oscillations occur with a frequency of about
0.4 kHz [Fig. 3(a)], consisting of a fast initial spike of
about 70 ns [inset of Fig. 3(d)] followed by a slow decay of
0.44 ms. Due to the reduced sampling rate of the oscillo-
scope at longer acquisition durations, the fast initial spike
is not captured in Figs. 3(a) and 3(d) but is shown at
shorter time scales in the inset to Fig. 3(d). In the nanogap
device of Fig. 1, oscillations occur at IMT1 (correspond-
ing to the nanogap volume) with a frequency of about

VO, only

Nanogap

0.6 kHz [Fig. 3(b)]. A fast initial spike does not appear to
be present, but only a slow decay of 1.2 ms after the IMT
step. Thus, despite an enormous reduction in the volume of
VO; heated and cooled across the IMT [observed in Figs.
2(a)—2(c)], the CNT nanogap device oscillates at nearly the
same frequency as the large VO;-only device. Similar slow
oscillations are observed in other nanogap devices in IMT1
(see Sec. 2(b) of the Supplemental Material [24]).

In contrast, when the same CNT nanogap device is
biased within IMT2, the CNT is reconnected as a Joule
heating source (in series with the metallic VO, bridging the
gap) and oscillations are observed to be over 1000 times
faster with a frequency of 0.65 MHz [Figs. 3(c) and 3(f)].
This observation is surprising if oscillations are set solely
by intrinsic electrical and thermal time constants because
the volume for the IMT2 “connected nanogap” is much
larger than for the IMT1 nanogap (evidenced by Fig. 2),
and a larger volume usually implies slower dynamics. Yet,
the IMT2 connected nanogap appears orders of magnitude
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Dynamics in VO, devices with and without a nanogap. Oscillations are measured with a 50 2 oscilloscope in series, when

the device is biased with a constant current in a region of negative differential resistance (NDR). (a) A micrometer-scale VO, device
(L=3.5 um, W=2.7 um) without a CNT, corresponding to oscillations of a large volume of VO,. (b) A CNT nanogap device biased
in IMT]1, corresponding to oscillations of a nanoscale volume of VO, in the gap (Lgsp < 100 nm). (c) A CNT nanogap device biased
in IMT2, corresponding to oscillations of VO, in a narrow region below the CNT, but extending along its full length (L =3.4 pm).
Despite the larger volume heated and cooled across the IMT, the VO, during IMT2 oscillates around 1000 times faster than in IMT1.
(d)~(f) are magnified plots of (a)(c). (g)—(h) With the same setup and devices, but with the current bias applied using a Keithley 2450
instead of a Keithley 4200-SCS source, nearly an order-of-magnitude change in oscillation frequency is produced for the VO, and
nanogap devices operated in IMT1. (i) The nanogap device in IMT2 is not affected by a change of the current source.
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FIG. 4. Effect of the series resistor (Rs) on oscillations. (a)-c) A micrometer-scale VO, device (L~ 5 um, W~ 5 um) without a
metallic CNT. (d)f) A CNT nanogap device biased in IMT2 (L =4.7 um). (g)+i) A VO, device with a continuous CNT heater
(L =3.7 um). For data acquired on long (millisecond) time scales [in (a)<(d), (g),(h)], the fast rising edge spike is not displayed or is

subsampled by the oscilloscope to show a smaller amplitude.

faster. This means that within the same nanogap device’s
effective circuit, we observe two distinct oscillation
frequencies (i.e., that of IMT1 and that of IMT2) three
orders of magnitude apart using a current bias differing by
less than an order of magnitude.

However, these two oscillation frequencies do not rep-
resent two distinct intrinsic device time scales. Rather
than being set solely by device size and thermal mass,
the spiking frequency of IMT devices can be influenced
by electrical capacitances, not only as part of the device
contacts or geometry, but also externally from the probe
station or current source itself. In our measurements, we
observe that, all else being the same (namely, the bias cur-
rent, cables, series resistor, probes, and the device itself),
the choice of current source has a significant impact on the
frequency of slow oscillations in a VO, device without a

CNT [Fig. 3(g)] or a nanogap device in IMT1 [Fig. 3(h)].
In these devices, the use of a Keithley 2450 SourceMe-
ter instead of a Keithley 4200-SCS parameter analyzer to
apply the same fixed current results in nearly an order-
of-magnitude increase in oscillation frequency. Similarly,
increases in current output range settings of either source
result in significant slowing of the observed oscillations,
even though the same current bias is applied. This appears
to arise from changes in effective source capacitance (or
other internal instabilities) with source settings, as further
explored in Sec. 2(c) and Fig. S7 of the Supplemental
Material [24].

In contrast, the faster oscillations of VO, devices with
a continuous CNT heater [19] and nanogap devices in
IMT2 [Fig. 3(i)] are insensitive to, and isolated from, the
choice of the current source and its measurement range.
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We note that in these megahertz devices, unlike the slow
sub-kilohertz ones, oscillations are easily accessible using
either a voltage bias (combined with an appropriate value
of Rg) or a current bias. The faster frequencies thus appear
to be more representative of the device’s intrinsic electrical
and thermal time scales.

If the changes in total resistance and voltage seen by
the current source are small enough, then it may be pos-
sible to avoid significantly discharging source capacitors
and involving them in the oscillations. Thus, we inves-
tigate the effects of changing the series resistor: a large
Rg should more effectively isolate the system from exter-
nal parasitics, while a small Rg should encourage slow
oscillations. In large micrometer-sized VO, devices [Figs.
4(ay4(c)], an increase in Rg has minimal impact on
oscillation frequency and makes the oscillatory regime
occur over a narrower range of currents so it is increas-
ingly hard to access. No fast oscillations are observed
for 200 k2 < Rg < 1.5 M2, and no stable oscillations are
accessible above about 2 M.

As Ry increases, the amplitude of source-driven oscil-
lations in device current generally decreases because the
difference in total circuit resistance between insulating
(Rs + Ryo,,ins) and metallic states (Rg + Ryo, met ~ Rs)
reduces. For the nanogap devices undergoing IMT1, this
makes it difficult to resolve oscillations above the noise
floor with larger Rg, especially because these devices have
a very small change in resistance during IMT1 even before
insertion of Ry.

At small values of Rg, we observe that nanogap devices
in IMT2 and continuous CNT heater devices, which
behave similarly and are displayed in Figs. 4(d)—4(i), show
slow sub-kilohertz oscillations. These oscillations have a
similar nature to VO, devices without a CNT, and nanogap
devices in IMT1, in which the external capacitance is
highly influential and sets the effective oscillation fre-
quency. However, the nanogap IMT2 and continuous CNT
devices show orders-of-magnitude faster oscillations once
shielded from source parasitics at larger Ry. In this regime,
the changes to the total circuit resistance (Rs + Rgevice) are
smaller and occur over faster time scales than the source
and its capacitor can track, resulting in a constant cur-
rent bias to the device. Further increases to Rg do not
significantly alter oscillation frequency. If a critical value
of Rg is chosen, the device can become unstable and
abruptly switch between fast (megahertz) and slow (kilo-
hertz) oscillations, shown in Fig. 4(h). That is, there does
not appear to be a gradual change in oscillation frequency
from slow to fast as Ry is tuned, but rather two discrete
frequencies.

It remains unclear as to why our micrometer-sized VO,
devices do not exhibit rapid device dynamics at higher
Ry, although this may be related to the form of the NDR
and the resistance of the high-current-density channel

(metallic state) relative to the surrounding low-current-
density (insulating state) VO, [29]. The isolation of high-
speed internal dynamics in devices with a CNT heater
(i.e., a connected nanogap or continuous CNT) has likely
been made easier via a decrease in the device’s resistance
combined with changes to its electrical response to temper-
ature, that is, on the creation and dissolution of the narrow
metallic VO, conducting channel, and therefore its NDR
and associated dynamics. This is discussed as a possibility
in Secs. 2(c) and 5 of the Supplemental Material [24], but
requires further study.

We find the influence of the source on device oscillation
frequency to be a very common issue with measurements
made using a fixed current bias, including with commonly
used parameter analyzers in research laboratories such as
the Agilent B1500 and the Keithley 4200. If oscillation
time scales truly originate from the device, then no changes
should be observed with the current source (along with
associated parasitic capacitances) or its range settings, in
addition to increases in the series resistor.

C. Compact modeling of factors influencing oscillation
frequency

To gain further insight into the origin of oscillation time
scales, we construct a compact model in which oscilla-
tions arise from a thermally driven NDR coupled to one
of two electrical capacitances: one intrinsic to the device
structure, and one within the current source. Furthermore,
we show that the circuit dynamics can abruptly switch
between excitation of each capacitor, as shown in Fig. 4(h),
as a function of an electrical and/or a thermal tuning
parameter, such as the external series resistor, the device
thermal capacitance, and/or the strength of an added heat
source like a CNT.

The device model consists of nonlinear thermally acti-
vated Schottky transport for the device [30], coupled to
Newton’s law of cooling [Eq. (1)], which describes the
competition between self-heating and heat loss to the envi-
ronment. Cy, is the thermal capacitance (which scales with
switching volume), Ry, is a lumped thermal resistance
between the hot device and the environment, 7 represents
an average device temperature, and 7 is the ambient tem-
perature. i, and v,, are the current through and voltage
across the device, respectively. We examine the effect of
scaling Cy,, as well as the effect of including a resistive
heater (Rpeater), Such as the CNT which appears electri-
cally in parallel to the oscillating VO, biased at IMT?2.
This heater adds a Joule heat source term in the thermal
dynamics, given as the last term of the following equation:

c dT T—Tp N v2 )
h— = ImUm — .
! dt R Rhcater
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FIG. 5. Modeling of oscillations in a device with a nonlinear thermally driven instability. (a) Schematic of the simulated circuit,

including a capacitance Cg associated with external parasitics (i.e., the current source), and a capacitance Cp associated with the
device. When held at /g =3 pA, within a region of NDR, oscillations occur (b) relatively rapidly at around 20 kHz with only Cp
present, (c) relatively slowly at around 0.1 kHz with only Cs present, and (d) relatively slowly when both capacitors are in the system.
In all three cases, Rg = 100 k2 and Cy,= 0.05 fJ/K, corresponding to a small device volume. (¢) Adding a heater with resistance less
than 2.5 MQ and simultaneously reducing Cy, produces an abrupt frequency increase (blue) by avoiding involvement of Cg. If the
device only self-heats (red) or a weaker heater is used (green), then Cy, has no effect on frequency. (f) Increasing R can also abruptly
decouple the device dynamics from Cyg, allowing a speed-up by a factor of more than 100. Adding a heater shifts the critical crossover

point to lower Rg.

This nonlinear dynamical model produces abrupt resistive
switching during a dc voltage sweep (due to positive feed-
back and thermal runaway) and an NDR instability during
a current sweep, similar to IMT switching devices. The
model approximates the device behavior with mathemati-
cally simple Schottky transport, as any sufficiently nonlin-
ear thermal transport will produce volatile switching and
NDR (and the associated self-oscillations in a relaxation
circuit), although it does not capture all the underlying
physics. We do not include an explicit IMT mechanism,
instead capturing the switching and NDR with a simpler
model to more clearly isolate the effects of electrical capac-
itance and tuning parameters that lead to dramatic changes
in the dynamics.

The switching device model is incorporated into a
relaxation oscillator circuit including two capacitors and
a series resistor Rg, shown in Fig. 5(a). Cp represents
intrinsic device capacitance, whereas Cs represents larger
external parasitics like those from a current source or
another device in a network. Section 5 of the Supplemental
Material includes additional details, as well as an alterna-
tive configuration where Cs is instead located as a second
large device capacitance [24]. When only Cp =30 pF is
present, the system oscillates rapidly at around 20 kHz for

fixed Ig =3 pA (held within the region of NDR), shown in
Fig. 5(b). When only a large external parasitic Cg =5 nF
is present in the system, with fixed Ig=3 pA, oscilla-
tions occur slowly at 0.1 kHz [Fig. 5(c)]. If both capacitors
are present, then Cs dominates, resulting in low-frequency
oscillations in which an initial fast spike is added to the ris-
ing edge of each slow spike, shown in Fig. 5(d). The shape
of the spikes combines aspects of each electrical time
scale, reproducing the behavior of our micrometer-scale
VO, devices shown in Fig. 3(d).

The difference in duration of the rapidly decaying metal-
lic state (the short spike) compared to the longer insulating
state (between spikes) in this model (i.e., the spike spac-
ing) stems largely from the electrical capacitance. When
the device is insulating and highly resistive, any electri-
cal time scales are large, and the capacitor charging is
slow. With the rapid change in voltage upon switching,
the capacitor(s) can more rapidly discharge through the
much more conductive metallic device, which then cools
quickly. However, we refrain from assigning a single fixed
electrical or thermal time constant to either the metal-
lic or insulating state because the device’s resistance and
heating change considerably throughout the dynamics. For
instance, the switching speed of VO, is known to vary by
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FIG. 6. Modeling of autonomous frequency jumping. Random
telegraph noise is added to the device voltage with a 10-mV
amplitude and millisecond time scale (upper panel). As a result,
the system abruptly jumps between fast and slow oscillations
(lower panel). Rg =95k, Is =5 pA, Cp=0.05 fI/K.

orders of magnitude depending on the applied voltage (see,
for example, incubation curves in Ref. [8] and Fig. S13 in
the Supplemental Material [24]), even in a purely thermal
simulation with no electrical capacitance. Thus, the long
spike spacing is expected to be shorter if the power in the
device can be more rapidly increased by reducing electri-
cal capacitance (if limited by an intrinsic Cp, then scaling
the device could reduce this), increasing the bias setpoint,
or by thermally engineering the device to heat up more for
a given input power.

Preventing the larger capacitor from charging and dis-
charging can significantly increase oscillation speed and
reduce spike energy. Therefore, we investigate whether
certain parameters in our model can alter which of the
capacitances dominates the system’s dynamics if the large
capacitor Cg cannot be removed. To simulate the reduction
of switching volume from micrometers to tens of nanome-
ters, we reduce Cy, by a factor of 1000, but find that the
oscillation frequency remains nearly the same [Fig. 5(e)].
Similarly, reducing Cp has no effect on the overall oscilla-
tion frequency when Cy remains much larger. As a result,
simply scaling the device is likely not enough to speed
up oscillations if it does not simultaneously reduce the
dominant circuit capacitance.

Instead, adding a sufficiently conductive Joule heater is
found to excite Cp and avoid significant cycling of the
charge on Cs, producing oscillations up to about 0.1 MHz
once Cy, is sufficiently small, as shown in Fig. 5(e). When
the Joule heater is either absent or insufficiently strong, the
oscillation frequency remains slow over a large range of
Cy, [Fig. 5(e)]. The combination of small thermal capac-
itance and an added heat source may make it easier to
access faster intrinsic dynamical behavior over those dom-
inated by large external capacitance, as in our nanogap
IMT?2 devices utilizing a CNT heater.

In addition, we examine the effects of the external series
resistor Rs on oscillation frequency. As shown in Fig. 5(f),
if Rg is too small then Cs couples into the device dynam-
ics and produces slow sub-kilohertz oscillations. Once Rg
is large enough, faster intrinsic dynamics from the inter-
action with device capacitance Cp are accessible. The
transition between the two regimes can be abrupt, with no
intermediate oscillation frequency, as is observed in our
experiments. Changing Cy, (such as through device scal-
ing) has minimal effect, but the addition of a heat source
Rpeater pushes the critical value of Rg needed to shift to the
faster sub-megahertz oscillation regime to a lower value,
making it easier to produce fast spiking in the system.

Thus, a two-capacitor model can reasonably reproduce
the time scales and pulse shapes observed in the exper-
iments. The modeling results show that volume scaling
can be important for achieving faster oscillations by deter-
mining Cy, and Cp, but should be accompanied by careful
control of all circuit capacitances. We find that the largest
circuit capacitance, in this case external source capaci-
tance, tends to dominate oscillatory dynamics but does not
necessarily do so under all conditions. A means for prob-
ing intrinsic oscillations may be provided via the external
circuitry (i.e., the series resistor), or by modifying the
thermal behavior of the device itself (e.g., using a linear
heater), which can change the NDR dynamics involved in
oscillations.

D. Compact modeling of frequency hopping

Finally, we demonstrate that the simulated system can
autonomously jump between two oscillation frequencies,
observed experimentally in Fig. 4(h), when random tele-
graph noise (RTN) is introduced to the model. Figure 6(a)
shows an example of RTN added to the device voltage
[Vp in Fig. 5(a)], with amplitude 10 mV and a time scale
of the order of 1 ms. This could represent noise arising
from the device resistance or capacitance, such as from
traps in either the CNT or the VO, [31,32], or perhaps
from stochastic switching of small VO, domains (e.g.,
from percolation at the edges of the metallic VO, region
or from defects with a different local Tyyr) [33,34]. When
the system is operated in the presence of RTN with Ry
near the crossover value at 95 k<2 in Fig. 5(f), oscillations
repeatedly hop between the two frequencies, as shown
in Fig. 6(b). Without RTN the system oscillates rapidly,
but when the voltage V' suddenly increases the system
switches to slow oscillations, at least temporarily. At val-
ues of Ry far from the crossover value, here below about
80 k€2 or above about 110 k€2, the system is unaffected by
the RTN and oscillates uniformly slowly or rapidly.

Frequency hopping is observed using very small RTN
amplitudes, less than 1% of the voltage Vp, and is still
observed at amplitudes below 0.5 mV. As the noise ampli-
tude reduces, the range of Rg values over which hopping is
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observed shrinks, while at larger noise amplitudes fluctu-
ations in the frequency within the slow or fast oscillations
begin to be visible even when hopping does not occur. In
contrast, white noise will not produce any of these effects.
Similar frequency hopping is observed if RTN is added
to the Joule heating process, in the value of Rpeaer in Eq.
(1) or to the value of Ry, rather than to electrical noise
on Vp. Fluctuations in these resistances of less than 1%
will produce hopping behavior. Such nonlinear devices are
thus highly sensitive to perturbations and instabilities when
operated near crossover points.

III. CONCLUSION

In conclusion, the spiking speed of a VO,-based Mott
oscillator, and the dynamical time scales of nonlinear
thermally driven oscillators in general, are not strictly
determined by device geometry alone. Here, we report on
how different capacitors, both intrinsic and extrinsic to a
device, can influence the measured time scales of oscilla-
tory dynamics. We find that capacitance and/or instability
in the current source used to bias the device can complicate
measurements of oscillations, giving rise to much slower
dynamics than the device is inherently capable of. Influ-
ence of a current source can be identified by changes in
response to the source used, its range settings, or the exter-
nal series resistor used. However, by using a larger series
resistor or by thermally engineering the device dynamics,
it may be possible to avoid excitation of a large external
capacitor. The construction of the electrical control circuit
is therefore an important consideration in establishing and
controlling the dynamics of nonlinear devices, in addition
to engineering the electrical and thermal time scales of the
device itself.
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