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VO, Oscillator Circuits Optimized for Ultrafast, 100

MHz-Range Operation
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Sebastian Werner Schmid, Zoltdn Balogh, Andrds Biikkfejes, Heungsoo Kim,
Alberto Piqué, Juerg Leuthold, Jdnos Volk, and Andrds Halbritter*

Oscillating neural networks are promising candidates for a new
computational paradigm, where complex optimization problems are solved by
physics itself through the synchronization of coupled oscillating circuits. VO,
Mott memristors are particularly promising building blocks for such
oscillating neural networks. Until now, however, not only the maximum
frequency of VO, oscillating neural networks, but also the maximum
frequency of individual VO, oscillators is severely limited, which has
restricted their efficient and energy-saving use. In this study, it is showed how
to increase the oscillating frequency by more than an order of magnitude into
the 100 MHz range utilizing ultrasmall, ~30 nm wide active volume VO,
devices and optimizing the circuit layout for high frequency operation. In
addition, the physical limiting factors of the oscillation frequencies are studied
by investigating the complex switching dynamics of our nanoscale VO,
devices. These dynamical studies, together with simulations, provide a clear
conclusion on the maximum achievable operating frequencies and the

the computational or optimization prob-
lem into the couplings between oscilla-
tors, and then the solution is provided
by physics itself through the synchro-
nization of the oscillators into different
phase shifts.”! This scheme can be im-
plemented with conventional semicon-
ductor circuits such as ring oscillators, !’
while relaxation oscillators made from
novel memristive nano-devices enable
even more compact and energy-efficient
oscillator networks.'!] The most promis-
ing memristive oscillators rely on the
nanoscale voltage-induced insulator-to-
metal transition in Mott-type NbO, or
VO, memristors.'>17] The latter ma-
terial system, which is the main fo-
cus of the present paper as well, has

optimal operating parameters under which these can be reached.

1. Introduction

The possibility of performing computational operations by the
synchronization of coupled oscillators was originally raised by
John von Neumann, 2] and has since been demonstrated in var-
ious physical systems.[>-I This elegant idea is based on encoding

been successfully used to assemble os-
cillating neural networks (ONNs), which
could solve problems like map coloring
and maximum cut,#2% gesture recognition,[2*?] or feature ex-
traction in convolutional neural networks.[2324]

The building blocks of VO, ONNs are simple oscillator cir-
cuits, like the scheme illustrated in Figure 1a. The oscillation
is granted by the hysteretic switching of the VO, memristor
(blue square) and the resistor in series (R), while the oscillation
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(a) Conventional VO, oscillator circuit (b) Ultrafast VO, oscillator circuit
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Figure 1. Basics of our low-frequency and high-frequency VO, oscillators.
a) Conventional low frequency oscillator circuit with a VO, memristor
(blue box), and a series resistor and parallel capacitor. An arbitrary wave-
form generator (AWG) is used to switch the driving voltage from zero to
the desired DC value (red step function), which yields an oscillating cur-
rent (black) and voltage (blue) signal. The latter is measured by an oscil-
loscope (OSC). b) Scheme of the high-frequency transmission line oscil-
lator arrangement. c) Low-frequency oscillating waveforms produced by a
conventional oscillator circuit (a). The measured oscillating current and
voltage signals on the memristor are respectively shown by the black and
blue lines. d) Demonstration of the current signal of our highest frequency
oscillation (f= 167 MHz) e) Schematic of the memristor device highlight-
ing the small device size and the layer structure (see the Experimental Sec-
tion for more details). f) Scanning electron micrograph of a representative
VO, memiristor, scale bar: 100 nm. The V-shaped sample layout focuses
the switching to an ultrasmall spot. g) Low-frequency I(V) graph of a VO,
device as a function of driving voltage (red) and the bias voltage (grey)
measured on the memristor, Rg = 380 Q. The standard circuit schematic
of our low-frequency 1(V) measurements is shown in the inset.

frequency is tunable by the parallel capacitor C. This circuit
produces the typical oscillating voltage (blue) or current (black)
signal demonstrated in Figure 1c, once the input signal is
switched from zero to a DC level (see red input signal in
Figure 1a).

The performance of ONNs is directly influenced by the fre-
quency of the oscillations; higher oscillation frequencies enable
faster and more energy-efficient computations, thereby reduc-
ing the overall computing time and energy consumption./!8%]
According to the state of the art, the oscillation frequency of
single VO, oscillators have not yet exceeded the maximum of
9 — 11 MHz,’>%% while VO, oscillating neural networks were
usually operated at even lower frequencies, such as 2kHz!'®! or
3 MHzI?’]. In TaOy oscillators a record frequency of 250 MHz was
achieved,!?] however, in that case the frequency was boosted by
an active transistor in the circuit(see the Supporting Information
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for a more complete comparison of the oscillation frequencies in
various architectures).

In this paper, we investigate the possibility of increasing the
operating frequency in circuits that contain only the passive se-
ries resistor and parallel capacitance in addition to the Mott mem-
ristor. In particular, we demonstrate significantly faster oscilla-
tions in VO, devices compared to the previous studies, %! as
demonstrated by our record 167 MHz oscillation frequency in
Figure 1d. This achievement relies on three optimization aspects.
(i) For the oscillators we use VO, devices, in which the operation
is focused to an ultrasmall, few tens of hanometers wide active
region, 2% while the stray capacitance is minimized. This al-
lows us to exceed theoretical frequency limits established for so-
called crossbar VO, devices.[**! Similar, strongly confined opera-
tion region devices were applied in our previous study to demon-
strate the fastest electrically induced VO, switching so far.>!
(i) The oscillator circuit layout is optimized for high-frequency,
transmission-line geometry (see illustration in Figure 1b). (iii)
The physical limitations of frequency boosting are demonstrated
through examining the internal physical relaxation time of the
VO, memristor.

These steps are presented as follows. First, the fabrication and
characterization of the optimized VO, devices is summarized. Af-
terwards, the geometric frequency limitations and the optimized
circuit layout are motivated by transmission-line geometry LT-
spice simulations. Next, we summarize our experimental results
on the ultrafast oscillating circuits. Finally, the physical limita-
tions of the oscillation frequency are analyzed through pulsed
relaxation-time experiments.

2. Results and Discussion

2.1. Sample Characterisation and Low-Frequency Measurements

The schematic vertical cross-section of our planar, ~30 nm gap
size devices is shown in Figure le. For the high-frequency ex-
periments, the use of a doped Si substrate would be disadvan-
tageous due to the high stray capacitance toward the substrate,
so a well insulating Al,O, substrate was applied. The gold top
electrodes were patterned on the epitaxial VO, layer by standard
electron beam lithography (see the Experimental Section for fab-
rication and characterization details). A key feature of the struc-
ture is the asymmetric lateral geometry (Figure 1f): a rectangular
electrode on one side faces a V-shaped electrode on the other side.
This geometry enables the production of ultrasmall (30 nm) gap
sizes and the confinement of the active region in an ultranarrow,
nanoscale spot?°! (note the 100 nm wide scale bar in Figure 1f,
while the complete sample layout with a smaller magnification
is available in the Experimental Section). This confined geome-
try is considered crucial for the ultrafast operation, as well as for
achieving sufficiently low switching threshold voltages and low
switching energies at room temperature.3!]

The electrical switching is represented by the I(V) curves of
our devices in Figure 1g where the red trace shows the measured
I current as a function of the drive voltage (Vy,;,.) applied to the
VO, memristor and the Ry = 380 resistor in series, whereas
the grey graph is the function of the V;,, = Vi — I - Rg volt-
age drop on the memristor. The inset in Figure 1g illustrates the
driving scheme of the I(V) measurement. This I(V) curve shows
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hysteretic resistance switching. Initially, at zero bias, the device
exhibits a high resistance state (HRS), but at the appropriate
threshold voltage, an insulator-metal transition (IMT), i.e., a
switching to a low resistance state (LRS) is observed. When
the voltage drops back to zero, the switchback, i.e., the metal-
insulator transition (MIT), occurs at a lower threshold voltage.
Hereinafter, the insulator-metal and metal-insulator transitions
are referred to as the set and reset transitions, respectively. The
corresponding threshold voltages are denoted by V., and V, .
We note that no dedicated electroforming process is requlred for
the observation of such I(V) curves, the as-prepared samples al-
ready exhibit switching at the same threshold values as the fur-
ther measurements.

Applying an even larger resistance in series (Rg > 4500 Q)
a self-oscillation of the VO, memristor can be induced by a con-
stant V. = V,, driving voltage. In this case the I = (V, — Vi, )/ Rs
load line does not cross the I(Vy;, ) curve at stable states, i.e., the
set transition occurs prior to the establishment of the stable volt-
age in the HRS, but then the bias voltage is released due to the
voltage division by the series resistor and the system switches
back to the HRS before reaching the stable voltage in the LRS.
This process yields the self-oscillating behavior, for which the fre-
quency can be tuned by a parallel capacitor C. In practice, this
is realized in the circuit scheme of Figure la: applying a step
function from an arbitrary waveform generator (AWG) on this cir-
cuit (red line in Figure 1a), i.e., increasing the drive voltage from
zero to a sufficient DC value, yields an oscillating operation at
the output (blue illustration Figure 1a), which can be measured
by an oscilloscope (OSC). The measured periodic oscillation of
the voltage (blue) and current (black) signal is exemplified in
Figure 1c.

In such a conventional VO, oscillator circuit (Figure 1a) the
oscillation frequency is expected to be an inverse function of the
C parallel capacitance, as shown by the results of simple cir-
cuit simulations (Figure 2a black curve). In these simulations
the VO, memristor is treated as a simple hysteretic switch with
Vet and Vieser S€t and reset voltages and Ry, g and Ry g Tesis-
tances in the insulator HRS and the metallic LRS of the memris-
tor (see the Experimental Section for details of the simulations).
In practice, the parallel capacitance is limited by the stray ca-
pacitance of the device, which can be reduced to the level of a
few femtofarads by careful sample design.®!l According to our
simple simulations, a correspondingly chosen ~10™*F mini-
mal parallel capacitance would yield ~10 GHz oscillation fre-
quencies, while a conventionally achievable ~#107!2 F parallel ca-
pacitance would result in ~#100 MHz oscillations (see black line
in Figure 2a). These oscillation frequencies would highly ex-
ceed the current world record of 9 — 11 MHz (horizontal dashed
line in Figure 2a) demonstrated in the fastest VO, oscillator cir-
cuits so far.'>26] Qur experiments with the oscillator circuit of
Figure 1a result in the dark blue rectangles in Figure 2a, which
also show a significantly slower experimental oscillation in the
low capacitance range than expected (i.e. compared to the black
curve). This deviation is understood through high-frequency sim-
ulations in the next Section. Afterwards, using a circuit layout
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Figure 2. Simulation of the oscillation frequencies using various circuits
arrangements. a) Oscillation frequencies as the function of the parallel
C capacitance in comparison to the highest 9 MHz oscillation frequency
achieved so far (black dashed line).[2] The black curve illustrates the simu-
lated oscillation frequencies for a conventional VO, oscillator circuit (see
Figure 1a) such that the finite signal propagation speed in the cables is
not taken into account at all. The same circuit arrangement yields the light
blue curve once the cable between the circuit and the high-impedance OSC
is treated as a transmission line (see panel (b)) with 0.25m length and v
=2 - 108 m/s propagation speed.[3?] Note the low-pass filter nature of
the oscilloscope-cable pair. These simulated frequency values are consis-
tent with our experimental results (dark blue squares) measured in the
arrangement of panel (b). The orange and red curves correspond to the
in-line oscillator arrangement of panel (c). This arrangement is optimized
for high-frequency operation such that only the finite memristor-to-resistor
distance d is the limiting factor for the maximum achievable frequencies.
This distance is respectively set to d = 6.5mm and d = 1.5 mm for the
orange and red curves. In the simulations experimentally reasonable cir-
cuit parameters of Rg = 22 kQ, Ry s = 28 kQ, Ry (s = 180Q, Vo =5V,
Vet = 2.4V and Vet = 0.45V are applied. The orange- and red-framed
insets illustrate possible experimental realizations of different distances:
d = 6.5mm is easily realized on a printed circuit board with a surface-
mounted resistor, while d = 1.5 mm, or even smaller, sub-mm distances
already prefer an integrated on-chip resistor, like a meander-shaped plat-
inum wire. b) Conventional oscillator circuit, but the cables to the AWG
and OSC are considered as transmission lines. c) In-line oscillator circuit
arrangement optimized for high-frequency operation, where every cable is
modeled as a transmission line.
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optimized with the help of the simulations in Section 2.2, we ex-
perimentally demonstrate the realization of ultrafast oscillations
(Section 2.3).

2.2. Oscillator Circuit Layout Optimized for High-Frequency
Operation

In order to achieve our main goal, a significant increase in oscil-
lation frequency, it is essential to understand the effects of finite
signal propagation speed on the operation of the oscillator cir-
cuit and to optimize our circuit accordingly. We do this using
high-frequency LTspice simulations. In these, we keep consid-
ering the VO, device as a simple hysteretic switch with Ry s
and Ry s resistances and V, and V., threshold voltages, but
we treat the cables connecting the circuit elements as 50 Q trans-
mission lines, in which the signal propagates with v~ 2 - 108 m/s
speed (see the Supporting Information for the details of the trans-
mission line geometry LTspice simulations).

First, we simulate the conventional oscillating circuit in
Figure 1a, but the cables connecting the oscillator circuit to the
arbitrary waveform generator (AWG) and the oscilloscope (OSC)
are treated as transmission lines (Figure 2b). The light blue curve
Figure 2a demonstrates the simulated oscillation frequencies as a
function of the parallel capacitance C. Already a 0.25 m long cable
between the high-impedance input oscilloscope and the oscilla-
tor circuit yields a severe frequency limitation (see the deviation
of the light blue and black curves in Figure 2a) due to the de-
layed return of the signal being reflected at the oscilloscope. On
the other hand, an impedance-matched 50 Q input of the oscil-
loscope would result in shunting of the oscillator circuit, which
would completely disable the oscillating operation.

To avoid the above difficulties in the high frequency regime,
further on we apply the modified, in-line oscillator scheme
of Figure 2c, where the impedance-matched oscilloscope with
50 Q input impedance measures the current signal transmitted
through the oscillator circuit (I = Vg-/509Q). At the other side,
an AWG with 50Q output impedance drives the circuit. This
impedance matching is essential to avoid signal reflections at the
AWG and OSC. In this case the lengths of the transmission lines
between the oscillator circuit and the AWG or OSC are not rel-
evant for the frequency of the oscillation. As a price, we cannot
measure the voltage drop on the VO, element, just a signal pro-
portional to the current is detected. On the other hand, the finite
distance d between the series resistor and the VO, sample be-
comes a crucial factor. This part of the circuit is also modeled as
a transmission line.

In this optimized circuit arrangement the simulated
capacitance-dependent oscillation frequencies readily reach
values above 100 MHz for d = 6.5 mm distance, which can be
easily realized with a memristor chip and an SMD resistor on
a printed circuit board (see the orange trace in Figure 2a and
the the orange-framed inset). Even higher, 1 GHz oscillation
frequencies are predicted once the memristor-resistor distance is
reduced to the d = 1.5 mm range, which arrangement, however,
already prefers an integrated on-chip resistor (see the red trace
in Figure 2a and the red-framed inset).

Obviously, the highest oscillation frequencies occur at the low-
est capacitance values. For this reason, in the following para-
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Figure 3. Simulated oscillating time-traces in the high-frequency domain,
and the scaling of the oscillation frequencies with the memristor-to-
resistor distance. a,b) lllustration of the voltage-build-up in the circuit. At
time t = 0 a step-function excitation 0 — V,, arrives to the resistor in series.
Panel (a) illustrates the At < t < 2At time interval, when the signal trans-
mitted through the resistor has already arrived at the memristor and has
been partially reflected by it, but has not yet returned to the resistor. Panel
(b) similarly illustrates the 2At < t < 3At time interval. c) Example sim-
ulated oscillating current signal with 251 MHz oscillation frequency. d,e)
Magnified segments of panel (c) illustrating the step-wise current evolu-
tion along the reset (d) and set (e) transition. f) Simulated oscillation fre-
quencies as a function of the V;, oscillator drive voltage with different mark-
ers displaying different memristor-to-resistor distances (see legends). g)
Once the oscillation frequencies are normalized to the 1/At = v/d inverse
signal propagation time, the frequency values demonstrated in panel (f)
collapse to a single curve. The same simulation parameters are used as in
Figure 2.

graphs we analyze the operation of the predicted circuit in the ab-
sence of a parallel capacitor C, by considering only the frequency
limitation caused by the finite memristor-to-resistor distance.
The results of these simulations are shown in Figure 3f, with
the different colors showing the simulated oscillation frequen-
cies at different distances d (see legends), while the horizontal
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axis shows the variation of the oscillation frequencies with the
constant oscillator drive voltage V|. Note that here V| is the
amplitude of the 0V — V|, voltage step (see the red illustra-
tion in Figure 2c) that the AWG outputs to the coaxial line
with 50 Q wave impedance, which practically results in a 2V,
DC voltage in the coaxial line due to the large reflection from
the series resistor. These simulations show that an oscillator
with a d = 6.5mm of memristor-to-resistor spacing can pro-
duce frequencies in the range of our highest experimentally ob-
served oscillations (see the 167 MHz oscillation in Figure 1d)
when operated with a sufficiently high drive voltage V,. As
d is increased or V, is decreased, the oscillation frequencies
gradually decrease. However, if d is further reduced, the pre-
dicted oscillation frequencies become even higher, but as will
be shown later, this regime is subject to further experimental
limitations.

Note that the above 100 MHz-range frequencies at d = 6.5 mm
memristor-to-resistor distance (orange squares in Figure 3f) cor-
respond to a At = d/v ~ 32 ps signal propagation time from the
resistor to the memristor, where v ~ 2 - 108 m/s is the signal
propagation speed in the transmission lines. This short propa-
gation time seemingly contradicts the two orders of magnitude
larger period time of the oscillation at 100 MHz frequency. This
apparent discrepancy is resolved by a detailed calculation of the
voltage build-up on the memristive element. We assume that at
time t = 0 the voltage changes from zero to a constant V| value
on the AWG and analyze how this signal propagates through the
circuit (see Figure 3a,b). This step-function first arrives to the re-
sistor in series (Rg), where it is partially transmitted (reflected)
with a transmission coefficient T (reflection coefficient R ). The
reflected signal is fed back to the AWG where it is absorbed by
the 50 Q output impedance. The transmission and reflection co-
efficients are calculated from the solution of the telegrapher’s
equations as,

To=1-Ry=22,/(Rs +22,) M
where ZO 50Q is the wave impedance of the transmission
lines.[*¥) The transmitted signal is then propagated to the mem-
ristor, where the signal is partially transmitted (reflected) with a
transmission coefficient 7, (reflection coefficient R ;). These co-
efficients are obtained from the actual Z,, memristor impedance
as,

Ty =1=Ry =22,/(Zy +2Z,) 2)
where Z,, can be replaced by the R,, memristor resistance due
to the negligible capacitive impedance compared to the resis-
tance over the frequency range of the measurement. This is un-
derpinned by the measured C = 2fF stray capacitance of our
devices,’!] which is significantly smaller than the ~55 fF capac-
itance, at which we would start to expect signal distortion at our
typical devices resistances and our 1 GHz measurement band-
width (see Section S1 of the Supporting Information for the more
detailed analysis of the stray capacitance). The partial signal wave
transmitted through the memristor is eventually propagated to
the OSC, where it is absorbed by the 50 Q input impedance. Due
to the large series resistance Ry, only a very small fraction of the
voltage V, reaches the memristor in the first turn, i.e., a large
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number of back and forth bounces are required to reach the V.,
voltage drop on the memristor where the set transition occurs.
This voltage build-up time can be calculated analytically as fol-
lows:

1-R R,
d In (1 ~Va- ZVOTSR/:I)
To-Vset = T -1 (3)
v In (RyRs))

(see Section S2 of the Supporting Information for the derivation
of Equation 3). Applying experimentally reasonable values of d =
6.5mm, Ry = 22KQ, Ry s = 28kQ, V, =5V and V,,, = 2.4V,
a voltage build-up time of 2.2 ns is obtained, which corresponds
to a signal bouncing back and forth 68 times between the resis-
tor and the memristor. The above analytical formula describes
the voltage build-up from zero to V,, but similar voltage build-
up times are also delivered by the LTspice simulations of a pe-
riodic oscillation (see Figure 3c). The magnified figures of the
reset (Figure 3d) and set (Figure 3e) transitions clearly demon-
strate the step-wise voltage build-up, where the number of dis-
crete steps correspond to the number of bounces between the
resistor and the memristor. Figure 3d shows a rather fast reset
process after the set transition. This is related to the low memris-
tor resistance, which allows a fast release of the voltage across the
memristor. However, after the reset process, the next set transi-
tion requires a large number (x57) of back and forth bounces, as
shown in Figure 3e. This explains why the oscillation frequency is
eventually much lower than the 1/At =~ 31.25 GHz inverse prop-
agation time.

Finally, it is important to recognize another crucial property
of the oscillations from these simple model calculations. By in-
creasing the distance d and the corresponding propagation time
At = d/v, we slow down the oscillation curves linearly along the
time axis only. This means that a normalized, unitless ¢ - v/d time
axis, or the equivalent normalized f- d/v frequency axis, result
in the collapse of the data of different distances d into a single
curve. This is shown in Figure 3g, where the such normalized
frequency values indeed collapse on the same curve showing the
same dependence on V. This property can be clearly seen from
Equation 3 as well, where the voltage build-up time scales linearly
with At = d/v, and the rest of the equation does not depend on d.

Concluding our simulations in this Section, we have proposed
an optimized in-line circuit layout for high frequency oscilla-
tions (Figure 2c) instead of the conventional low-frequency os-
cillator circuit layout (Figure 1a). Using this layout, the simula-
tions indeed predict ultrafast oscillations with asymmetric cur-
rent traces, i.e., short current pulses prior to the reset transition,
and much longer low current segments prior to the set transi-
tion (Figure 3c). The latter are almost two orders of magnitude
longer than the At resistor-to-memristor signal propagation time
due to the large number of back-and-forth signal bounces prior
to the build-up of the set voltage. The latter phenomenon in-
troduces a fundamental frequency limitation at finite resistor-
to-memristor distances. Finally, we have highlighted a universal
scaling of the simulated frequency versus driving voltage depen-
dencies (Figure 3g).
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2.3. Experimental Demonstration of Ultrafast Oscillations

Equipped with the above finite signal propagation speed simu-
lations, we explore the experimental possibility of ultrafast os-
cillations. We have built oscillator circuits using our nanosized
VO, samples and the optimized circuit layout of Figure 2c. The
circuit is established using an Ry = 22kQ SMD series resistor
assembled along a transmission line on a printed circuit board
(see the details of the experimental setup in the Experimental
Section). The series resistors were placed at distances d = 6.5,
38.5, 101 mm from the memristor, and the respective time-traces
(solid lines in Figure 4c,d) and the related oscillation frequen-
cies (Figure 4a,b) were measured. These experimental data show
great similarity to our simulations discussed above, but also show
some fundamental differences. This comparison allows us to sep-
arate the phenomena resulting from the finite signal propaga-
tion speed considered in the simulations from additional fea-
tures resulting from the complex switching dynamics of real VO,
devices.

First, the time-traces (Figure 4c,d) show a similar asymmetric
pattern, where the system stays shortly in the LRS, but after the
reset process, the next set transition requires a long time com-
pared to the width of the sharp peaks, where the system stays
in the LRS. Second, the dependence of the oscillation frequen-
cies on d and V, (Figure 4a,b) show similar trends as the sim-
ulated oscillations (Figure 3f,g). In particular, after normalizing
the frequencies (f- d/v), the measurements at different distances
mostly fall on the same curve (Figure 4b). However, at the high-
est frequencies this scaling fails (see the deviation of the orange
datapoints from the rest of the data at higher V values, i.e.,
the orange encircled measurements). Note that all these signif-
icantly deviating datapoints correspond to >75MHz oscillation
frequencies. This implies that for the fastest oscillations the fre-
quency is not limited by the memristor-resistor distance, rather
some other time-scale, like the internal relaxation time of the
memristor becomes important. The same tendency is also seen
in Figure 4c,d, where the measured time-traces (solid lines) are
compared to black simulated traces with similar operation char-
acters. This comparison highlights a clear difference at the falling
edges after the current peaks: whereas the simulations always
show a sharp reset, in the experiment the falling edges exhibit
extended tails, which we also attribute to an internal relaxation
time of the memristor. These tails extend over the time-scale of
a few nanoseconds, as illustrated by the light gray shaded areas.
This phenomenon becomes important if the oscillation period is
comparable to the duration of this tail region.

The previous observations indicate the interplay of geometry-
induced voltage build-up times and internal physical relaxation
times in determining the fastest possible oscillation frequencies.
From this point of view it is interesting to explore devices, where
the memristor-to-resistor distance is even smaller. To this end,
we have fabricated memristor devices with integrated meander-
shaped resistor in series yielding d ~ 1.5mm (see the Exper-
imental Section for more details). For such short distance the
simulations in Figure 2a predict >1 GHz oscillation frequen-
cies. As a sharp contrast, for such spatially confined devices we
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Figure 4. Experimentally observed ultrafast oscillations. a) Measured os-
cillation frequencies at various memristor-to-resistor distances (d, indi-
cated by the legend) and drive voltages (V) are displayed. We plotted two
measurement cycles, marked with cross and circle symbols, to demon-
strate reproducibility. In one cycle, the voltage is increased at a given dis-
tance; then, the distance is increased to the next value. After measuring at
all distances in the first cycle (marked with crosses), the whole procedure
was repeated (marked with circles). b) Once the oscillation frequencies
are normalized to the 1/At = v/d inverse signal propagation time, the fre-
quency values demonstrated in panel (a) collapse to a single curve simi-
larly to the simulations (Figures 3f,g). This scaling only fails at the high-
est frequencies above 75 MHz (see orange encircled measurements). c,d)
Measured oscillating time-traces (solid lines) in comparison to simulated
time-traces with similar characters (black dashed lines). The experimental
traces exhibit an extended tail region during the reset process, as illus-
trated by the gray shaded areas with the indicated widths. The distances
d and the oscillation frequencies f are indicated in the panels. e) Investi-
gation of oscillator circuits with an integrated, meander-shaped resistor
with Rs = 30 kQ in series. The meander’s center is at 190 um distance
from the device active region, while the path length from the meander’s
center to the device active region is 1.5 mm. The black curve illustrates the
measurement without a parallel capacitor: in this configuration, integrated
samples with ultra-small d systematically fail to oscillate (see black curve).
With the insertion of a C = 1pF parallel capacitor the oscillatory behavior
is recaptured (red curve).
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have systematically not observed oscillatory behavior, rather the
system reaches a steady state when the V|, voltage is applied
(black line in Figure 4e). If, however, the device operation is ar-
tificially slowed down by a C = 1pF parallel capacitor, the os-
cillating operation can be recovered (red line in Figure 4e). We
explain this as follows. During oscillation, when the V,, value
is reached, the resistance decreases and thus the voltage also
drops below V.., while when the V, ., value is reached, the re-
sistance increases and thus the voltage rises above V... How-
ever, a rapid distancing from the switching voltage can lead to
incomplete set and reset transitions, and the system would stick
to some stable state instead of an oscillation. Hovever, a prop-
erly chosen parallel capacitor, or a properly distant resistor in
series helps to slow down the voltage variation in the circuit,
such that after reaching the set (reset voltage) these voltage lev-
els are kept for a while to ensure a complete set (reset) tran-
sition for the oscillation. To support the above explanation, we
constructed Matlab Simulink simulations where the set and re-
set switching timescales of the memristors are modeled through
equations for the time derivative of the device resistance. These
simulations reproduce the experimentally reached 167 MHz fre-
quency maximum (see Section S3, Supporting Information), and
also illustrate the role of delayed voltage build-up in stabilizing
the oscillation. The latter is demonstrated in Sections S4 and
S5 (Supporting Information) conclusively reproducing the phe-
nomenon seen in Figure 4e. According to the above arguments,
the fastest oscillation is achieved when the internal relaxation
time of the memristor matches the time-scale at which the fi-
nite d distance or the C parallel capacitor keeps the voltage close
to the set or reset voltage value once these are reached along the
oscillation.

Following these considerations, we investigate the realistic in-
ternal relaxation time-scales of our devices, which play a fun-
damental role in determining the maximum possible oscilla-
tion frequency.

2.4. Investigation of the Internal Relaxation Time-Scales

Using VO, memristors with the same geometry as the one tested
here, we have demonstrated set times below 15 ps and reset times
below 600 ps,*!l which would allow oscillation frequencies up
to above GHz. However, these shortest switching time values
were achieved under optimized conditions. The 15 ps set time
was demonstrated with an ultrashort, 20 ps FWHM switching
pulse of amplitude significantly exceeding the set threshold volt-
age, while the 600 ps reset time was achieved with the least inva-
sive measurement, i.e., the set transition was performed with the
lowest possible meaningful set pulse, after which the voltage was
immediately taken off the sample and the time it takes for the
system to relax to the HRS was scanned with ultra-short (20 ps)
readout pulses.

In what follows, we argue that significantly longer set/reset
times than these can be experienced under less optimized condi-
tions, which are unavoidable during oscillating operation. Most
importantly, in VO, oscillator circuits, the maximum and mini-
mum voltages available are mainly determined by the set voltage
and the reset voltage, as explained below. As soon as the set volt-
age is reached on the VO, device, the resistance starts to decrease
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(set transition), so the device voltage also starts to decrease due
to the voltage division with the series resistor. Likewise, as the
voltage decreases to the reset voltage, the resistance of the sam-
ple starts to increase (reset transition), so the voltage across the
sample also starts to increase. Although minor overshoots or un-
dershoots are possible due to the finite voltage build-up time, in
principle, no voltages significantly higher (lower) than V., (and
Vieset) €an be obtained on the VO, sample during oscillation.

In an oscillator circuit, however, the driving conditions are con-
stantly changing, making it difficult to directly study the switch-
ing times and their dependence on the driving parameters. To
overcome this difficulty, we prefer to investigate the switching
times by pulsed measurements, where the driving conditions are
well controlled, while the pulsed current variation still somewhat
resembles the oscillating time-traces. Specifically, oscillatory op-
eration is mimicked by using a series of pulses whose amplitude
is close to the set transition, while the constant voltage between
the pulses represents a level close to the reset transition.

The scheme of our measurement is sketched in Figure 5a.
In these experiments the AWG outputs ultrashort voltage pulses
(Vpuve (1) instead of a step function, which are measured directly
by one channel of the oscilloscope. The same pulses are driv-
ing the memristor sample from the other output channel of the
AWG, and the pulses transmitted through the sample (V... (8)
are measured at another channel of the OSC (see further details
of the experimental setup in the Experimental Section). In this
scheme, no resistor in series is applied, but the switching dynam-
ics of the memristor sample alone is tested.

Note that the transmission coefficient in Equation 2 would
yield a frequency-dependent transmission for a capacitive or in-
ductive Z,, memristor impedance, but for a dominantly resistive
Z,, = Ry, which is the case in our measurements (see discussion
after Equation 2), the transmission coefficient is frequency inde-
pendent. This property ensures that an incoming wave-package,
such as a pulse, preserves its shape along the transmission, only
its amplitude is modified, as long as R, is constant in time. Or,
inversely, the temporal variation of the memristor resistance can
be directly traced from the ratio of the transmitted and incoming
(driving) signals:[!]

Ry (t) =2Z,- <—§Drive(t) - 1) (4)

Trans (t)

Note, that the transmitted voltage signal is directly proportional
to the memristor current as Vi, (f) = I(t) - Z,. Figure 5b-d,
Figure 5e—g, and Figure 5h-j respectively demonstrate the
Virive (t) driving waveforms output from the AWG (top panels),
the Viy,,.¢(t) transmitted waveforms (middle panels) measured at
the OSC and the R,,(t) temporal variation of the memristor re-
sistance calculated from Equation 4 (bottom panels) for various
driving signals. The bottom panels are cut at 10* Q, a resistance
slightly below our resolution limit due to the finite 8 bit resolu-
tion of our OSC.

In Figure 5b—d and Figure 5e—g, we investigate the response
of the memristive sample to single driving pulses with variable
pulse amplitudes and offset voltages between the pulses. Our pri-
mary focus is on the blue curve (the same in the right and left
panels), where the pulse amplitude and offset are adjusted close
to the setand reset voltage. The green curves in Figure 5b,c shows
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Figure 5. Investigation of the physical relaxation times by pulsed experi-
ments. a) The scheme of the measurement setup. b) Driving pulses for
our experiments with variable pulse amplitude and fixed voltage offset,
with pulse amplitudes of 1.7 V (green curve), 1.85 V (blue curve), 1.95 V
(yellow curve), 2.1V (red curve). c) Transmitted voltage through the VO,
sample as measured by the oscilloscope. The time axis of panels (b) and
(c) are aligned to eliminate the finite propagation times in the coaxial lines
connecting to the AWG and OSC. d) The memristor resitance Ry, (t) evalu-
ated according to Equation 4. e-g) Driving pulses for our experiments with
fixed pulse amplitude and variable voltage offsets of 0.31V (green curve),
0.53 V (blue curve), 0.59 V (yellow curve), 0.64 V (red curve), (e) together
with the corresponding transmitted voltage pulses (f), and the calculated
Ry () traces (g). h—j) Experiments with single driving pulses (blue) and
ten times repeated driving pulses (red) (h) together with the correspond-
ing transmitted voltage pulses (i), and the calculated Ry, (t) traces (j). For
comparison, the single pulse measurements (blue) are also replotted at
the time of the tenth repetitive pulse (red).

that a slightly smaller pulse amplitude no longer turns the sam-
ple to the LRS, while the red curves in Figure 5e-g demonstrate
that by applying a slightly higher offset voltage, the system is al-
ready stuck in the LRS without switching to the HRS.

To define a comparable measure for the duration of the set and
reset transitions at the different driving conditions, we measure
the set time as the time between the middle of the rising edge
of the drive pulse and reaching <2 kQ resistance, while the reset
time is the time between the middle of the falling edge of the
drive pulse and reaching >10kQ resistance. The latter relaxation
times are denoted by the correspondingly colored arrows in the
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figure. For the blue reference measurement the above definitions
yield a set time of 5.4 ns and a reset time of ' = t7 = 9.6 ns.

Next, we investigate how these times vary by changing the
pulse amplitude and the offset voltage. Once the pulse ampli-
tude is increased compared to the blue curve (see the yellow and
red curves in Figure 5b—d) the set time respectively decreases to
3.7ns and 2.8 ns, while the reset time significantly increases to
t) = 36.4 ns and #; = 54.4 ns, respectively. On the other hand,
the minor increase of the offset voltage (yellow and red curves
in Figure 5e-g) yields minor variation of the set time, while the
reset time shows a significant increase (£ = 28.8 ns for the yel-
low curve, and >100ns for the red curve). We also tested a sig-
nificantly lower offset voltage than the blue curve (green curve),
which reduces the reset time to tJ = 4.4 ns. The latter value is
still much longer than the fastest 600 ps relaxation at zero off-
set voltage,3!! while the offset voltage corresponding to the green
curve is already unrealistically small for an oscillator operation.
This means that the above tJ = 4.4 ns reset time is a lower esti-
mate of the relaxation time achievable under oscillator conditions
in this particular case.

The above experimentally determined set and reset time val-
ues can be compared with our finite element simulations of the
electrothermal dynamics (see the Section S10, Supporting Infor-
mation). These simulations follow a similar protocol to our pre-
vious work,!?’! but the actual thermal parameters are adjusted to
the characteristics of the device with high-frequency operation
whose I(V) curve is presented in Figure 1g. These simulations
show set times consistent with the experiments, demonstrating
that 10 ps-scale set times are expected for large driving pulse am-
plitudes of Vp e max ® 3 - Vi, While the set time increases to
several nanoseconds as the pulse amplitude approaches the set
voltage (see Figure S10b, Supporting Information, and its de-
scription). The simulations also clearly show that larger devices
or substrates with poorer thermal conductivity slow down the set
transition. On the other hand, the simulation of the reset transi-
tion is more challenging, and simple simulations provide signifi-
cantly shorter reset times compared to the experiments. This dis-
crepancy suggests that additional mechanisms contribute during
reset, such as elastic energy stored in grains, which can stabilize
metallic regions for a period even when the temperature is below
the phase-transition threshold. 3

So far, in Figure 5b—g the response to single driving pulses was
tested. Next, we demonstrate that the relaxation time is also very
sensitive to the number of applied driving pulses (Figure 5h—j).
In these experiments, a relaxation time of t{ = 6.8 ns is measured
after a single ~1.1 ns long driving pulse (blue curves), while the
10 times repetition of the same driving pulse with 10.6 ns period
time (red curves) yields a relaxation time of t; = 16.6 ns after the
last pulse. Here, the single blue pulse is replotted at the time of
the 10™ pulse for comparison. Here, the elongation of the relax-
ation time is attributed to the incomplete cooling of the active
volume and the incomplete MIT prior to the arrival of the subse-
quent pulses.

Finally, we gain a better insight into the time scale of the
set transitions during oscillator operation by testing the oscilla-
tor circuits with our 100 GHz bandwidth measurement setup,
which we also used for the ultra-short switching time experi-
ments (see the experimental details in the Experimental Sec-
tion and in Ref. [31].) The such-measured oscillating signal in
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Figure 6. Ultrafast oscillations measured by our 100 GHz bandwidth
setup. The measurements are performed by the experimental setup used
in Ref. [31] and an Rg = 16 kQ resistor.

Figure 6 yields similar 103 MHz oscillation frequency, respec-
tively exhibiting a 10-90% rise-time of 1.2ns and fall-time of
3.4 ns for the set and reset transition. This confirms that the reset
transition is the dominating limiting factor. On the other hand,
the observed 1.2 ns rise time is significantly longer than the 15 ps
set time measured in our previous work.*!l This 100 GHz band-
width measurement clearly demonstrates that the 1.2 ns rise time
is not an instrumental bandwidth limitation, but the set time is
really elongated. This is attributed to the fact that in an oscillator
the voltage is limited by the set voltage, while the 15 ps set time
was observed at pulsed driving with significantly higher pulse
amplitudes. We also note, that the 1.2 nis rise time is shorter than
the several nanosecond long set times observed in Figure 5b—d
for pulses adjusted close to the set transition. This apparent dif-
ference is attributed to the fact that for single pulses the switching
starts from a room temperature, fully developed HRS. However,
during oscillator operation the active region heats up slightly, the
reset transition is incomplete, and thus a faster set transition is
achieved than for single pulse driving.

The above illustrative experiments on the switching dynamics
of VO,, as well as previous sub-threshold firing experiments and
further VO, dynamics studies [*>3°] show that VO, devices cannot
be treated as simple hysteresis switches with well-defined switch-
ing voltages and switching times. On the contrary, the switching
parameters depend sensitively on the drive parameters and the
history of the device, with switching time variations of up to an
order of magnitude. A comprehensive analysis of the full relax-
ation dynamics and the device-to-device variation of the transi-
tion times is clearly beyond the scope of this paper. Neverthe-
less, our above switching-time experiments and our similar ex-
periments on other devices already point to the following con-
clusions: (i) Under the conditions of an oscillator circuit, i.e., for
repetitive voltage oscillations not significantly exceeding the set
voltage and not going below the reset voltage, the set and reset
times are expected to be order(s) of magnitude larger than the
minimum set time of 15 ps and relaxation time of 600 ps. (ii) The
reset transition is always significantly longer than the set transi-
tion, i.e., the relaxation time is the key restricting factor for the
oscillation frequency. (iii) The observed relaxation times make
it clear that an oscillation significantly faster than the fastest
167 MHz oscillation achieved is not realistic. Our experience with
these ultrafast oscillator circuits shows that oscillations up to
~100 MHz regime are routinely established, while even larger
frequencies, like the 167 MHz oscillation in Figure 1d, specifi-
cally rely on the fine interplay of the device parameters.
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Based on the analysis of >50 independent devices, we found
that the low-frequency switching characteristics (Vi Viegerr
Ry nrs» and Ry gs) show significant device-to-device variations.
These differences are summarized in Figure S6 (Supporting In-
formation) and are attributed to the small active volume, where
the effects of material imperfections or grain boundaries are
magnified compared to larger devices. These differences also af-
fect high-frequency characteristics: in our experience, selected
devices with a set voltage of V,,, < 2.5V (approximately 35% of
all devices) are advantageous for ultra-high-frequency operation.
Of this subgroup of devices, #50% and ~20% exhibit >50 MHz
and >100 MHz oscillation frequencies, respectively.

In terms of cycle-to-cycle stability, we can say that our devices
remain operational for >2 - 10'* cycles (i.e., several days, see
Figure S7, Supporting Information). However, some frequency
drift can be observed during operation, as illustrated in Figure S8
(Supporting Information), which shows a frequency variation of
less than 3% over ~10 oscillation cycles, and Figure S7 (Sup-
porting Information), which shows a frequency change of 13 %
between the start and end of a total of >2 - 10** cycles.

The temperature dependence of the oscillations was also inves-
tigated (see Figure S5, Supporting Information), which showed
that a slightly increasing trend of the oscillation frequencies is
observed by the elevation of the temperature, but this is accom-
panied by a rapid degradation of the oscillation stability.

These results indicate that ONNs built from our ultrafast os-
cillator circuits may achieve orders of magnitude faster time-to-
solution with significantly reduced energy consumption. In addi-
tion, due to the small size of the active area, thermal crosstalk/?’]
from neighboring devices is also reduced to a range of 1 um (see
the simulations of Figure S9, Supporting Information). At the
same time, the device-to-device variability described above poses
a significant challenge in synchronizing multiple oscillators, so
device-to-device variability must be reduced through further ma-
terial and manufacturing optimization.

3. Conclusion

In conclusion, we have demonstrated VO, oscillator circuits opti-
mized for high-frequency, 100 MHz-range operation. To this end,
we have applied an optimized sample layout, where the stray ca-
pacitance is minimized, and the switching is focused to an ultra-
small, #30nm wide active region. Furthermore, the circuit lay-
out is also optimized for high-frequency operation by applying
a transmission line geometry, where the oscillation frequency is
tunable both by the d memristor-to-resistor distance and the C
parallel capacitance. According to circuit simulations of the same
transmission-line geometry, reasonably achievable, pF-range par-
allel capacitances and a few mm memristor-to-resistor distances
readily yield 100 MHz-range oscillation frequencies, similarly to
our experimentally demonstrated oscillations up to 167 MHz fre-
quency.

Circuit simulations would allow even higher > GHz oscillation
frequencies with even shorter d and lower C. At the same time the
fastest pulsed switching experiments demonstrate subnanosec-
ond relaxation times,3!) which could also be compatible with
GHz oscillator operation. However, we have demonstrated that
the speed limitation is fundamentally different for an oscillator
circuit than for optimized resistive switching experiments with
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Figure 7. Images of the on-chip integrated VO, memristor-meander re-
sistor samples. a) SEM image showing the planar memristor design, the
arrangement of a flat and a V-shaped Au electrode pair encompassing a
30 nm VO, active region in between. Scale bar: 500 nm. b) Optical micro-
scope image of a memristor-resistor sample, showing the layout for a thin
film Pt meander resistor with N = 18 turns. Scale bar: 100 um.

single pulses. Most importantly, the finite > V.., voltage level
on the memristive element and the rapidly repeated switching
events lead to a slowdown of the relaxation time, which explains
the 100 MHz-range frequency limit achieved. Together with these
constraints, the above results have enabled oscillation frequen-
cies more than an order of magnitude higher than the fastest
VO, oscillators presented so far,2°! paving the way toward the re-
alization of ultra-fast and energy-efficient VO,-based oscillating
neural networks.

4. Experimental Section

Sample Fabrication and Characterization: The VO, layers used for cre-
ating the memristors were formed on Al,O; substrates by pulsed laser
deposition method according to Refs. [37,38]. The VO, films were opti-
mized for pure stoichiometric VO, by adjusting oxygen background pres-
sures during deposition.13] X-ray diffraction (XRD) and scanning trans-
mission electron microscopy — electron energy loss spectroscopy (STEM
EELS) methods were used to confirm the phase and stoichiometry of the
VO, films, as described in Refs. [37-40].

The vertical layer structure of the VO, devices is shown in Figure le
including the Al,O; substrate, the 50 nm thick epitaxial VO, layer, a 5 nm
Ti adhesive layer and the 60 nm thick gold top electrodes. The electrodes
were patterned by standard electron beam lithography and deposited
by electron-beam evaporation at 1077 mbar base pressure at rates of
0.1 nm/s (Ti) and 0.4 nm/s (Au), followed by lift-off. Figure 7a shows
the surrounding region of a typical VO, nanogap memristor formed by
this method.

Small, #1.5 mm memristor-to-resistor distances were achieved by sam-
ples, where a meander-shaped series resistor was integrated on the mem-
ristor chip (see the optical microscope image in Figure 7.b and the illustra-
tive inset in Figure 2a). The line width of the meanders was 2 pm with 2 um
spacing, 150 um length (for a single line) and N =5, 9, 13, 18 turns. The
beginning of the meanders were located at 150 um distance from the mem-
ristors. For the calculation of an effective memristor-resistor distance, the
total length of the meander lines has to be considered, which can be esti-
mated as 150 um - 18/2 + 150 um = 1.5 mm for the longest meander with
N = 18 turns (shown in Figure 7.b).

The VO, layer beneath the meanders was etched away in a reac-
tive ion etching process. The etching mask was created in a stan-
dard electron beam lithography process, leaving rectangular areas free
for etching at locations where the meanders will be formed (see
Figure 7b, rectangular area around the meander). This etching step
prior to the deposition of meander resistors was implemented to ex-
clude the possibility of conduction though the VO, layer between Pt
lines.

The etching process was performed by a Diener low-pressure plasma
system. First, the vacuum chamber was pumped to reach 0.16 mbar base
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pressure, then pure CH, gas was supplied with 42 sccm flow rate to set
the 0.64 mbar process pressure. The plasma power was set to 240 W
and the duration of the etching to 30 s. Afterwards, the meander resis-
tors were patterned by electron beam lithography, and 15 nm Pt was de-
posited by electron beam evaporation using 0.3 nm/s rate, followed by
lift-off.

Measurement Scheme: The oscillating traces of the VO, circuits were
investigated with a Rohde & Schwarz RTO1024 oscilloscope with 1GHz
bandwidth and 10GS/s sampling, or by a Picoscope 6404A oscillo-
scope with 0.5 GHz bandwidth and 5GS/s sampling (Figures 4e and
Figure 5h,i,j). In the latter case small reflections were observed at the 50 Q
input of the oscilloscope, which cause minor echo peaks after the main
peaks in the oscillating signals. The drive voltage was supplied by an Agi-
lent 33210A arbitrary waveform generator. In order to avoid sample degra-
dation due to too many oscillation periods, the constant drive voltage was
applied to the oscillator circuit for a finite time, typically achieving ~50
periods of oscillations per measurement.

Most of the measurements were performed on 3.0 cm x 2.4 cm printed
circuit boards with SMA connectors on both sides, and 50Q wave
impedance transmission lines connecting the SMA connector to the sur-
face mounted series resistor, the resistor to the bonding wires of the sam-
ple, and the sample to the other SMA connector.

For the pulsed measurements in Figure 5 either a Zurich Instruments
HDAWG or an AT1120 AWG module mounted on a National Instruments
PXle-7976 board together with a Mini-Circuit ZHL-72A+ amplifier were ap-
plied.

The ~100 GHz bandwidth measurements in Figure 6 were performed
with the same setup as the measurements in Ref. [31]. The principle of
these measurements also followed the principle depicted in Figure 2c lack-
ing the parallel capacitive element C, the difference lies solely in the much
greater bandwidth of the drivig, probing and measuring units. The sam-
ples were contacted by two 67 GHz bandwidth Picoprobe triple probes
in a probe station. A Micram DAC10004 100 GSa/s DAC unit together
with a Centellax UAOL65VM broadband amplifier served as the driving
unit. The transmitted voltage was recorded by a Keysight UXR1104A dig-
ital storage oscilloscope at 256 GSa/s sampling rate and 113 GHz analog
bandwidth. The input terminals of the oscilloscope were protected by RF
attenuators.

Simulation: The oscillating circuits were simulated by LTspice and
Matlab Simulink. In order to place our memristor in a circuit with a waveg-
uide geometry (Figure 8a), it was important that it acted as a variable re-
sistor, instead of low-frequency simulations of VO, devices,[*1l where the
memristor model contained a current generator element in the circuit. In
Figures 2, 3 as well as in the comparative analysis of Figure 4c,d (dotted
lines) we have used a minimal model, where the memristor is simply a
hysteretic resistance switch in LTspice, and no internal relaxation time is
considered (see Figure 8b.) These simulations can track the key conse-
quences of the finite memristor-to-resistor distance or the finite parallel
capacitance. More refined Matlab Simulink simulations are presented in

(a) Rw = Rswircn (b) Rswiren
A
Rutrs
ALY
Ruirs fr-e+- :
Vieset Vet [Vias]

Figure 8. LTspice simulations of the VO, oscillator circuits. In most of
our investigation the VO, memristor is placed in a waveguide geometry
circuit, like Figure 2c. These arrangements are simulated by (i) measuring
the V};, voltage drop on the memristor, which acts as a variable resistor,
Ry (panel (a)); and (ii) updating the memristor resistance according to
the variation of V,,;,; and the hysteretic resistance switch model in panel
(b). The memristor in the HRS (LRS) executes a set (reset) transition once
the voltage goes above (goes below) Vi (Vieset)-
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Sections S3-S5 (Supporting Information), where finite and different phys-
ical relaxation times are used for the set and reset transitions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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