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Phase changes in oxide materials such as VO, offer a foundational
platform for designing novel solid-state devices. Tuning the V:O stoi-
chiometry offers a vast electronic phase space with non-trivial collective
properties. Here, we report the observation of discrete threshold switch-
ing voltages (Vy,) with constant AVy, between cycles in vanadium oxide
crystals. The observed threshold fields over 10 000 cycles are ~100x
lower than that noted for stoichiometric VO, and show unique discrete
behaviour with constant AVy, We correlate the observed discrete
memristor behaviour with the valence change mechanism and fluctua-
tions in the chemical composition of spatially distributed VO,-V,,0,,_1
complex oxide phases that can synergistically co-operate with the
insulator—metal transition resulting in sharp current jumps. The design
of chemical heterogeneity in oxide crystals, therefore, offers an intriguing
path to realizing low-energy neuromorphic devices.

Introduction

Insulator-metal transition (IMT) materials such as VO, show
abrupt changes in electrical conductivity under electrical or
thermal stimulus and are of interest as building blocks for
artificial neurons.'” Intermediate metastable states might
further be of interest for synaptic plasticity.*”” Most research
on electrical switching characteristics has focused on phase
pure compounds of varying strain, dimensionality, W, Al, or
oxygen vacancy-doped vanadium dioxide.*™" Compositional
heterogeneity within a single device channel to optimize the
switching voltages represents an early research stage and could
lead to reduced threshold switching energies compared to
pristine single crystal bulk compounds. It is known that hetero-
phase boundaries play a critical role in creating residual
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New concepts

This study investigates insulator-metal transition (IMT) materials in the
V:0 system for neuromorphic applications. Unlike prior focus on phase
pure compounds, this work explores chemically heterogeneous vanadium
oxide crystals. It unveils discrete threshold switching voltages (Vi) with
constant AV, in both in-plane and out-of-plane test structures. The
observed fields are ~100x lower than for stoichiometric VO,,
showcasing unique behavior over 10000 cycles. This behavior can be
correlated with valence change mechanisms and chemical composition
fluctuations in spatially distributed VO,-V,0,, , phases. The cyclic
bipolar switching stability test reinforces discrete threshold voltages,
confirming valence change mechanism-based memristor performance.
Variations in Magnéli phases during voltage cycling guide switching
events with equal AVy,. Chemical heterogeneity and valence state
fluctuations in the vanadium oxide system suggest an interesting
platform for threshold switching memristor devices.

filaments that can help guide conductive filament nuclea-
tion.">™® Crystalline VO, is a potential candidate for engineering
phase boundaries, mainly because the system can accommodate
large vacancy concentrations and host numerous Magnéli-Wadsley
phases at different V:O ratios."”?° From a material's design
perspective, understanding switching mechanisms and electrical
properties in heterophase mixtures is essential in optimizing
devices. While non-stoichiometry might often be considered a
detriment to device function, it is being increasingly examined as
a feature in emerging devices, and our results provide a path for
reduced switching energies and discrete switching that could be of
interest in stochastic circuits.

This article demonstrates a threshold-switching device with
discrete Vy, voltages in chemically heterogeneous vanadium
oxide samples of in-plane and out-of-plane device geometries.
Discrete switching at ultra-low voltages in non-stoichiometric
vanadium oxide with spatial distribution of the VO, and
V,0,,_1 heterophase is caused by electrically driven composi-
tional fluctuations. Switching tests conducted over 10000 I-V
cycles show reduced discrete switching points, and eventually,
the discrete Vi, voltages are stabilized to a single point. The
discrete stochastic switching mechanism was explained by
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population dynamics of electrochemical species and fluctua-
tions in their valence states under applied electric field stress.
This implies that during continuous electric bias switching
cycles, the vanadium oxide crystal experiences compositional
changes dynamically. Microstructural design of heterogeneity
in the V:O system is a promising direction to explore for
threshold switching devices with stochastic threshold voltages
that are discretized over a large number of cycles. The investi-
gated aspects are also relevant for the fabrication of stoichio-
metric VO, thin film devices to enable stable threshold
switching over a large number of cycles under optimal unipolar
electric fields.

Results and discussion

Fig. 1a illustrates the graphical representation of two terminal
planar devices on a crystalline VO, fabricated with an approx-
imate channel length of 40 pm and thickness of 600 nm
(Fig. S1a and b, ESIt). The vapor phase-grown vanadium oxide
crystal exhibits distinct dark and bright patterns with random
orientations. These contrasting regions are labelled as VO,
(vanadium dioxide) and V,0,, ; (Magnéli phase vanadium
oxide), which signifies the chemical heterogeneity within the
crystal. This in-plane device structure has titanium/gold (Ti/Au)
as contact electrodes. For electrical characterization, tungsten
tips with a tip radius of ~7 pm were placed on the Ti/Au
electrodes, and voltage was applied across the electrodes while
the current passing through the crystal was limited by a set
compliance value (I.. = 10 mA). Fig. 1b shows representative
current versus voltage (I-V) characteristics in linear and semi-log
plots (inset). The Vy, voltages are defined as the specific voltages
at which vanadium oxide exhibits a transition in its resistance
states, transitioning from a high resistance insulating state to a
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Fig. 1 A schematic of the planar vanadium oxide device current—voltage
measurements and their material characterizations. (a) Schematic of the
chemically heterogeneous VO, crystal planar device, with an approximate
channel length of 40 um. (b) /-V characteristics showing multiple transi-
tion points in the linear graph and the inset shows the semi-log plot.
(c) Threshold switching scatter plot representing several /-V cycles vs. Vi,
having AVy, of 0.74 V. (d) Optical microscopy image of VO, crystals
showing chemical heterogeneity (bright and dark patterns are shown by
yellow and red arrows) and the inset shows the backscattering SEM image.
(e) V 2p scan from XPS analysis representing multiple oxidation states
(+4 and +5). (f) XRD pattern confirming chemical heterogeneity with the
presence of Magnéli phase represented with symbol ‘@".
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low-resistance metallic state. Interestingly, multiple current
jumps are observed at Vi, while no considerable variations
are seen during the transition from the low resistance to high
resistance state. It is known that oxygen deficiencies highly
influence the structural stability and IMTs and in turn can
reduce the threshold fields significantly. The planar device
exhibits a large number of discrete threshold switching points
(nearly ~9) within the first 100 I-V cycles, with a consistent
voltage difference (AVy,) between cycles, which is an intriguing
behaviour in VO,. The marked numbers indicate the direction
of the current flow in Fig. 1b. For precise identification of
discrete threshold voltages, all I-V plots are shown in a linear
scale, with a semi-log plot as the inset for visualization. The
scatter plot in Fig. 1c illustrates the V4, voltages as a function of
the number of cycles, revealing a AV, of 0.74 V. In this study, it
is observed that, during the first 100 I-V repetitive cycles, the
voltage required to transition the device from high resistance to
low resistance is significantly smaller compared to stoichio-
metric VO,. Also, the magnitude of the resistance change in the
insulator to metal is approximately 10%, which is one order less
than stoichiometric VO,. To further verify this intriguing
behavior, we performed device-to-device variation tests. It was
observed that for a device with an almost identical channel
length, the number of Vy, points and voltage required for
switching are different. However, the AVy, remains constant
for each device (D-1 to D-4), as shown in Fig. S2a-d, ESL.¥ The
statistical analysis given in the tables beneath Fig. S2 (ESIt)
clearly indicates that all four devices have different standard
deviations (1.12, 1.28, 0.13, and 0.25 V), and their actual AV,
are different. This analysis effectively highlights the variability
among the devices, as reflected in their standard deviations and
actual threshold voltage differences (AVy,). We performed
material characterizations to investigate the origin of the
observed discreteness in voltages. Fig. 1d shows an optical
microscopy image of VO, crystals with clear surface contrast
in terms of dark and bright regions. We have used yellow and
red arrows to illustrate the bright and dark regions within a VO,
crystal. The FESEM image in backscattering mode (Fig. 1d,
inset) confirms the presence of compositional variations in the
VO, crystals. Furthermore, X-ray photoelectron spectroscopy
(XPS) analysis of the elemental composition revealed that the
sample surface comprises 67.6 at% in the +4 oxidation state
and 32.3 at% in the +5 oxidation state, indicating a mixed-
phase composition, as illustrated in Fig. 1(e). The X-ray diffrac-
tion (XRD) analysis (Fig. 1f) shows that the crystals are chemi-
cally heterogeneous, as evidenced by a low-intensity impurity
peak denoted by ‘@’, which corresponds to Magnéli phase
oxide (V,03). Many non-stoichiometric crystalline solids show
the co-existence of multiple phases. For example, phase man-
agement in the single crystalline VO, nanobeam has shown
coexisting phases by tuning the composition.'® In brief, we
would like to highlight that the vanadium oxide crystals pre-
sented here are chemically heterogeneous involving coexisting
phases. Detailed structural investigations were carried out by
Raman spectroscopy within bright and dark regions (Fig. S3a
and b, ESIf). It has been reported that the lower frequency
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peaks correspond to V-V vibrations, while the higher frequency
peaks (>300 cm™ ') correspond to V-O vibrations. Since the
VO, crystals formed using CVD show microdomains with
different optical contrasts, we performed Raman spectroscopy
in both bright and dark regions. It has been observed that the
V-V vibrations at 193 and 225 cm™ ' have reversed intensity
ratios at neighbouring bright and dark regions of the same VO,
crystals. Also, the Raman modes of the V-O bond have shifted
to lower frequencies. The reversal of the intensity ratio of the
V-V dimers is attributed to the lattice strain present within the
sample, affecting the out-of-plane vibrations in the cR due to
the shortening of the V-O bonds.?" Similarly, the shift in V-V
and V-O vibrations to lower frequencies also relates to the
oxygen deficiency in the sample.?* Thus, comparing the Raman
modes of both bright and dark regions, it can be concluded
that the bright region is oxygen deficient compared to the dark
region.

In addition, the heterogeneity of the crystalline VO, was
verified and confirmed using various techniques, including
energy dispersive spectroscopy (EDS) (Fig. S4a and b, ESIY),
differential scanning calorimetry (DSC) heating and cooling
curves (Fig. S5a-c, ESIt), and in situ electrical and mechanical
testing (Fig. S6a-c, ESIt). All these analyses confirm that the as-
grown crystal is not fully stoichiometric VO,; instead, it is non-
stoichiometric, with the majority of the volume fraction domi-
nated by stoichiometric VO,. We conducted similar experi-
ments on polycrystalline samples to verify this unique
discrete behaviour. Fig. 2a shows the schematic of the electrical
measurements conducted in an out-of-plane geometry, with
polycrystalline (PC) VO, sandwiched between a bottom plati-
num (Pt) electrode and top Ti/Au electrodes. The obtained I-V
characteristics for a repetitive cyclic voltage test over 100 cycles
display similar conspicuous discreteness in Vy, voltages, as
shown in Fig. 2b. Thus, the device Vy, voltages are highly
unstable and bounce back and forth with multiple I-V cycles.
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Fig. 2 Depicts the vertical device current—-voltage measurements of
the poly crystalline vanadium oxide and their material characterizations.
(a) Schematic of the polycrystalline out of plane device, with platinum and
gold as the top and bottom electrodes, respectively. (b) /-V characteristics
showing multiple transition points in the linear graph and the inset showing
the semi-log plot. (c) Threshold switching scatter plot representing several
-V cycles vs. Vi, AV, 0of 1.02 V. (d) SEM image of polycrystalline vanadium
oxide showing grain-like structures. (e) V 2p scan from XPS analysis
representing multiple oxidation states (+3, +4 and +5). (f) XRD pattern
confirming the VO,.
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Interestingly, the AV}, between cycles remains constant for the
polycrystalline VO, device. The same is consistent with our
observation on planar VO,, mentioned earlier. The scatter plot
shows a AV, of 1.02 V over 10000 cycles (Fig. 2c). Despite the
differences in device geometries and crystallinity of the VO,
devices, they exhibit the same unique discreteness in Vy;, with
equal AVy, behavior during I-V cycles. The PC-VO, crystals were
further verified by microscopic and spectroscopic analysis.
Fig. 2d shows the SEM image and indicates the microparticle
nature of the PC-VO,. Fig. 2e shows the XPS analysis with
multiple oxidation states +3, +4, and +5. To elucidate the
compositional variation in the vanadium oxide crystal, we have
performed XPS depth profiling, as shown in Fig. S7, ESL{ It is
observed that the top surface contains more +5 oxidation state
along with dominant +4 oxidation state while only negligible +5
oxidation state is observed after 100 nm depth. The XRD
analysis shown in Fig. 2f confirms that VO, predominantly
dominates the sample. Based on the electrical measurements,
it is possible to claim that low-field switching and discrete
switching over many cycles are dominated by ionic transport,
supported by sweep polarity-dependent electrical -V measure-
ments. Fig. 3a shows I-V characteristics during a positive voltage
sweep with multiple threshold switching points. Fig. 3b shows
stabilized I-V characteristics within 900-1000 cycles, and the
scatter plot in Fig. 3c shows Vy, distribution over 1000 cycles.
The off-state currents obtained in the -V characteristics from
Fig. 3a display a current of 0.296 mA before cyclic stabilization,
while Fig. 3b exhibits an off-state current of 1.642 mA after
stabilization. This is also true for negative polarity I-V cycles, as
shown in Fig. 3d-f. This suggests that IMT is a dominant
mechanism after stabilization, and valence change-based filament
formation plays a dominant role before cyclic stability. This
provides clear insights into the electroforming of conducting
filaments with the aid of charge transfer and also reveals the
effect of polarity on stochastic threshold switching during voltage
sweeps. Dark and bright pattern motion dynamics further verify
these compositional changes on the VO, crystal under microscopy
during heating-cooling cycles (Fig. S8a-g, ESIt). These motion
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Fig. 3 Sweep bias polarity dependent electrical transport measurements
of the vanadium oxide crystalline sample. (a) Discrete threshold switching
over the initial 0-100 /-V cycles during positive sweep. (b) Switching
between 900-1000 cycles. (c) Distribution of Vi, voltages vs. number of
cycles with AVy, of 0.20 V. (d) Discrete switching in negative sweep for the
initial 0—100 cycles. (e) Switching between 900-1000 cycles. (f) Distribu-
tion of Vi, voltages vs. number of cycles with AVy, of 0.20 V.
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dynamics are observed near room temperature and differ from
the typical contrast variations from insulator-metal transition
near 68 °C in the VO, crystals (Fig. S9a-c, ESIf).

In earlier works, a systematic reduction in threshold voltage
has been demonstrated by introducing oxygen vacancies in VO,
by controlled annealing.>® Oxygen vacancies have been exten-
sively studied for their effect on electrical transport in VO,. For
instance, excess oxygen vacancies increase the carrier concen-
tration and promote metallicity, suppressing abrupt phase
transition in VO,.** Electrochemical creation and annihilation
of oxygen vacancies at the nanoscale by applying an electric
field through the AFM tip on VO, is known to affect the
transport properties.”® The approach of engineering the stoi-
chiometry in VO, by introducing either oxygen vacancies or
excess oxygen has been explored for stabilizing rutile or triclinic
phases.'®?® Inherent structural stochasticity with four variants
of the M1 phase during insulator-metal transition in VO, has
been observed via in situ electrical triggering in TEM. However,
it is unclear how the structural stochasticity is directly related
to the threshold voltages, especially when a greater number of
discrete threshold voltages are observed beyond four structural
variants.”” Furthermore, the electric field triggered the for-
mation of V504, conducting filaments in VO,, also reported to
contribute to non-volatile switching at low threshold volt-
ages.”®*® Such non-stoichiometric phases promote resistive
switching at very low voltages despite large channel lengths.
Earlier reports found that a stoichiometric VO, demanded
significantly high threshold electric fields in the range of 10°
to 107 V. m '.*° Conversely, chemically heterogeneous
VO, shows a remarkable reduction of electric fields compared
to stoichiometric VO,. The estimated threshold electric
fields for switching the device vary between 4 x 10* V m™*
and 21 x 10* V. m™" within the investigated 10 000 I-V cycles for
VO, planar devices with a channel length of ~40 pm. Similarly,
very low threshold electric fields, varying between 0.6 x 10* Vm ™!
and 2.6 x 10* V. m ™, are observed over 10000 repeated I-V
cycles in a heterogeneous polycrystalline VO, film with a
thickness of 250 nm in the out-of-plane geometry. Note that
the estimation of threshold electric fields is carried out with the
in-plane channel length of ~40 pm, and in reality, the actual
channel length might be much lower as the conducting oxygen
deficient Magnéli phase is spatially distributed.

We correlate the mechanism of low Vy;, voltages that show
discreteness with constant AVy, with dynamic fluctuation in
composition and related shuttling of oxygen ion vacancies.
Fig. 4 shows a schematic of the mechanism for discrete thresh-
old voltages during reversible I-V sweeps. Fig. 4a and b show a
representative I-V hysteresis curve with six segments of opera-
tion, and crystalline VO, with dark and bright patterns, respec-
tively. Segment I-1II is for a positive voltage sweep and IA-IIIA
for a negative voltage sweep. During part I, the reduction
process occurs with the creation of oxygen vacancies. As the
voltage increases, a conducting filament by V,0,, ; starts
forming by migration of oxygen vacancies across VO,, as shown
in Fig. 4c. The V,0,, ; (bright region) filament formation is
due to small volume fractions of Magnéli phases between VO,
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Fig. 4 Schematic illustration of the conduction mechanism of chemically
heterogeneous vanadium oxide with the help of oxygen vacancies and
jonic movement. (a) Schematic of /-V hysteresis. (b) Schematic represen-
tation of the chemically heterogeneous vanadium oxide device with bright
and dark patterns. (c) | and I-A represent the vacancy-induced filament
formation across Magnéli phases, and Il and II-A represent the phase
change of VO,. (d) Ill and llI-A represent the filament rupturing due to
vacancy annihilation. (e) Discrete free energy changes against composi-
tional evolution are observed during electrical switching cycles. The
discrete free energy changes with respect to the composition are esti-
mated for redox reactions involving charge transfer, while the mentioned
number of cycles in the figure is approximate to indicate the free energy
variations over repeated cycles.

(dark region) as shown in Fig. 4b marked region. This filament
formation increases the current rapidly, and Joule heating
becomes significant to drive the subsequent growth of the con-
ducting filament.*! These filaments act like a guiding path and
their formations are sensitive to these dynamic fluctuations in
oxygen ion vacancy concentration. In segment II, the insulator—
metal transition is triggered once the required threshold voltage is
reached, leading to an abrupt increase in current. During segment
I, oxidation occurs, and these filaments start rupturing by
annihilation of oxygen vacancies by migration of oxygen ions,
which results in an abrupt decrease in current (Fig. 4d). The above
processes are also valid in the negative voltage direction. Since the
reduction process and filament formation require more supply of
oxygen vacancies over repeated electric cycles, the filament for-
mation path becomes random, generating several Vy,. On the
contrary, for rupturing, even a minute annihilation of oxygen
vacancies can break the conducting filament. During repeated
electrical cycles, the conducting filament thickness increases,
which results in a decrease in Vi, which is evident from the
results of both planar and out of plane VO, samples.

This journal is © The Royal Society of Chemistry 2024
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Nevertheless, the origin of discreteness in Vy;, with an equal
voltage difference between each consecutive current-voltage
characteristic of VO, needs further validation. It is possible to
correlate the electrochemical redox reaction during the elec-
trical triggering and changes in threshold voltage. We use the
Nernst equation to understand the mechanism described
below.*?

2.303RT
zF

E=F° log(K) (1)
where E = formal potential, E° = standard potential, K = reaction
quotient, z = number of charge transfer, F = Faraday’s constant
(96500 C mol "), R = gas constant (8.314 ] mol ' K™ ') and
T = temperature (298 K). To make the above expression relevant
for gas phase reactions, the reaction quotient has to be
expressed in partial pressures of reaction species instead of
their ionic concentrations. For all reactions involving the
formation of the Magnéli phase (V,0,,_1) in VO,, the expres-
sion can be simplified as shown below.

2.303RT
zF

E=E° EP(Oz)} (2)
Assuming the constant E° value of 0.34 V for all reactions
involving reduction of V" to V" with fractional charge transfer,
formation of V,03, V505, V,05, V50, etc., values of E, and free
energy changes (AG = —nFE) are calculated and shown in
Table S1 (ESIt). It is possible to evolve several phases derived
from a parent structure by crystallographic shear (c.s). Such
systematic composition variations have been demonstrated in
TiO, by incorporating c.s structures. For example, Magnéli
phases of Ti,O,,_, wherein n is varied from 4 to 9, resulting
in derived structures from TiO,, a rutile type with regular
crystallographic shear on the (121) planes.>®> Moreover, it is
known that slight changes in composition can be accommo-
dated by varying only the orientation without any changes in
the number of c.s. planes. When the VO, undergoes slight
reduction, the oxygen deficiency may be accommodated by
disordered c.s. planes. As the oxygen deficiency increases, they
form parallel ordered groups, forming lamellae structures.?® In
the present case, we have observed lamellae-like structures with
parallel microdomains of various sizes that are seen in optical
and electron microscope images. TEM bright field images and
selected area diffraction patterns with superlattice reflections
of such micro domain structures in the VO, crystals are shown
in Fig. S10, ESIT in agreement with earlier work on Ti,Opyp_1."
The revealed lamellar and micro domain structures in the TEM
bright field images, Fig. S10(a) and (b) (ESIt) along with the
superlattice reflections in the electron diffraction patterns
provide clear evidence for the oxygen deficient heterogeneous
structure of vanadium oxide. Interestingly such heterogeneity
can be achieved in both oxygen deficient and oxygenated VO,
with excess oxygen. During the reduction and oxidation, crea-
tion of excess cations and/or oxygen may flow up or flow down
the c.s. planes, respectively, during voltage sweeps instead of
limited only to thermal processing at high temperatures. Note
that such minute compositional variations, introduced by
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annealing at high temperatures with controlled partial pressure
of oxygen, are known to induce discretized free energy changes
in Ti,0,,_1.>* In the present case, theoretical calculation shows
a similar feature of discrete free energy changes against their
compositions with different n values for V,0,, 1, as shown in
Fig. 4e. It is known that the stability range of each of these
Magnéli phases will be small in the order of a few kJ moles™".
Since the variations in the compositions are minimal, the step
heights are also very similar, 0.65 k] mole " when n varies from
9 to 11. At the same time, for lower values of n, the composition
variations and the related step heights are large, evident from
Fig. 4e. The presented free energy change against the composi-
tion for varied ratios of O/V is calculated with the fractional
charge transfer, while the mentioned number of cycles is
roughly approximated to correlate with the experimental obser-
vation of cycle-dependent V.

Variation in the composition and valence state during
repeated cycling influences the value of E and results in
discrete free energy changes for forming several non-stoichio-
metric phases. Because the memristive switching effect in the
transition metal oxide memories is often associated with the
electrochemical valence change mechanism under electrical
triggering, the threshold voltage, VT, and E are correlated.”
The electrochemical valence state fluctuations may occur dur-
ing the repeated electrical switching in VO, in the solid state.
Such dynamic electrochemical changes have been reported in
the literature for transition metal oxide-based memristors.***’
The observed discreteness in the Vy;, voltages that are seemingly
random in their occurrence over 10 000 repeated cycles could
be explained by the variation in species undergoing valence
change and the formation of several non-stoichiometric Mag-
néli phases during positive and negative voltage sweeps. In this
scenario, the actual triggering voltage will be a random variable
R(VT), which may change due to the valence state reaction’s
highly repeated threshold voltage, V, and formal potential (E).
Note that any slight variation in the population dynamics of
electrochemical species and their valence states between the
positive and negative voltage sweeps would affect the Vi as per
the following expression with definite voltage difference (AVyy)
across multiple switching events.

R(VT) = Vy + nAVy, 3)

Here, the n is an integer (n = 1, 2, 3, 4, etc.) related to the
compositional variations in Magnéli phase (V,,0,,_) that forms
the conducting channel during the switching cycles. The popu-
lation dynamics of V™ species undergoing valence state are
stochastic but result in switching at discrete threshold voltages
dictated by the driving force for electroforming of Magnéli
phase channels. Furthermore, the AVy, is related to the step
heights in the free energy change plot (Fig. 4e). The discrete-
ness in threshold voltages with constant AVy, arises due to the
dynamic changes in composition of the Magnéli phase,
wherein ‘n’ takes larger values above 5. In other words, the
mechanism of resistive switching at the threshold voltage is
governed by IMT and valence change-induced ionic species
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transport in VO,; the discrete variation in threshold voltages is
arising due to fluctuations in composition, induced by elec-
trical cycling. To understand the individual contributions of
IMT and valence change in restive switching we carried out
temperature dependent electrical measurements across the
IMT. Transport measurement was performed at elevated tem-
peratures, and with increasing temperature, the Ey, values
decrease, and beyond 68 °C, VO, transitions into a metallic
state, as shown in Fig. Slla and b, ESL{ We performed
temperature-dependent -V characteristics measurements over
100 cycles at temperatures approximately 7-8 °C below and
above the VO, phase transition temperature. These results
suggest that the discrete resistive switching behaviour over
repeated cycles in the temperature range of 25-60 °C is domi-
nated by the valence change mechanism. The electrical trans-
port behaviour at ~70 °C is dominated by IMT behavior
characterized by linear I-V curves (Fig. S12, ESIT). Nevertheless,
the actual resistive switching in chemically heterogeneous
vanadium oxide may involve both valency changes as well as
phase change contributions.

Due to the presence of chemical heterogeneity in the crys-
tals, the apparent channel length between nominally insulating
regions is reduced in spite of the large electrode gap in the
fabricated device. Furthermore, during cycling, the V/O ratio
changes with the help of c.s structures, and certain Magnéli
phases are being stabilized. The variation in compositional
changes and associated free energy changes of the Magnéli
phases at specific O/V ratios during voltage cycling guide the
switching events with equal AVy,. It is difficult to capture the
compositional fluctuations happening in real-time during elec-
trical measurements. Nevertheless, we have carried out post
annealing measurements in an Ar + H, reducing environment
to establish correlation between the compositional fluctuation
and discrete threshold voltages. For post growth annealing
treatment, Ar + H, gas was used and the annealing temperature
was maintained at 850 °C. The XPS and electrical measure-
ments of the annealed samples are shown in Fig. S13a-f and
S14a-f, ESL.¥ In the annealed samples, the +3 oxidation state
appears along with +4 and +5 oxidation states and its atomic
percentage increases steadily from 24.5% to 35.2% with
increasing annealing time from 15 minutes to 60 minutes.
From XPS analysis, it is inferred that with increasing annealing
time, there is an increase in the +3 oxidation state, indicating
the formation of the oxygen-deficient phase of vanadium oxide.
In addition, the I~V plots show stochastic switching in both as-
grown and all annealed samples with discrete stochastic
switching, as shown in S14b-f, ESI.{ The current-voltage char-
acteristics of the annealed samples result in a reduced number
of transition points (V) compared to the multiple discrete Viy,
observed in the as-grown samples. The number of discrete
electrical switching points is quite high in as-grown and post-
annealed samples for a short duration, and those switching
points decrease as the annealing time increases. This suggests
that reducing multiple discrete stochastic switching points in
annealed samples could be due to increased compositional
variations. From the XPS and electrical measurements,
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chemical heterogeneity and the observed fluctuations in
valence states result in the distribution of discrete Vy;, voltages.

Conclusion

Vanadium oxide devices exhibit discrete switching behaviour
driven by local fluctuations in composition. A cyclic bipolar
switching stability test over 10 000 cycles shows discrete thresh-
old voltages for several thousand cycles while early stabilization
of discrete switching is observed during unipolar switching and
confirms the valence change mechanism-based memristor
performance. The variation in compositional changes and
associated free energy changes of Magnéli phases at specific
O/V ratios during voltage cycling guides the switching events
with equal AVy,. The chemical heterogeneity and the observed
fluctuations in fractional valence states resulted in the distri-
bution of discrete V, voltages. The demonstrated aspects may
provide a novel platform for the practical threshold switching
memristor device applications by exploiting the discrete pat-
tern in the switching processes synergistically involving valence
change and phase transition.

Materials and methods

The VO, crystals were grown by CVD using V,0s powder
precursor at 900 °C in 8 sccm of Ar gas for 2 h. Before
introducing the powder precursor in the quartz tube, it was
cleaned with Ar purging for 1 h at 100 sccm of flow rate. The
powder precursor was kept inside a quartz boat and placed over
a quartz boat on a high-temperature brick. The quartz substrate
was kept 5 mm away from the powder precursor, and the tempera-
ture of the furnace was ramped from 25 °C to 900 °C with a ramp
rate of 20 °C min . The entire growth was carried out in a low-
pressure environment with a pressure of 4 x 10~* mbar. For a
polycrystalline-VO,, 100 nm platinum (Pt) was deposited on a
quartz substrate by DC magnetron sputtering, and the same growth
conditions of VO, were used with a quartz/Pt substrate.

Device fabrication

The two terminal planar device geometry on VO, crystals was
fabricated with a commercially purchased shadow mask. The
length between the two electrodes is 40 pm, and a 50 nm Au
was deposited as an electrode material using DC magnetron
sputtering. For an out-of-plane device with a VO, memristor,
devices were fabricated with a planar device structure. Quartz/
Pt/VO,/Au were used as the substrate and electrode materials,
respectively. The metal Au electrodes were deposited on VO,
crystals using a shadow mask by DC magnetron sputtering.

Material characterization

The VO, crystal surface morphology was characterized using a
Nikon optical microscope, and thickness was measured with an
atomic force microscope (AFM) by Bruker. High-resolution
images, EDS analysis, and backscattering images were recorded
by field emission scanning electron microscopy (FESEM) by a
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Nova Nano SEM-450. Raman vibrational modes were obtained
with Raman spectroscopy by a Horiba Jobin Yvon with a 532 nm
laser, crystallographic information using powder X-ray diffrac-
tion (XRD) by Rigaku, and elemental analysis using X-ray
photoelectron spectroscopy (XPS) by Thermoscientific. The
phase transition confirmation of VO, was done using differen-
tial scanning calorimetry (DSC) by a NETZSCH Geratebau
GmbH. The site-specific nanoindentation was performed by
using a Hysitron triboindenter 9501. The VO, crystals grown on
a quartz substrate were attached to an iron stub and placed on
the magnetic stage. A minimum of 10 indents were performed
on each dark and bright region. The details of phase transition
confirmation and the Raman spectrum in polycrystalline VO,
are provided in Fig. S15a-d, ESL.f The thickness of the films
and crystals was measured by atomic force microscopy (AFM)
by a Bruker Dimension ICON PT. The structural characteriza-
tion of crystalline VO, is analyzed using high-resolution trans-
mission electron microscopy (HR-TEM) with an FEI-Tecnai G2
20 S-TWIN.

Device characterization

Electrical I-V measurements were carried out using a Keysight-
source measure unit B2902A model at room temperature.
Resistance temperature measurements were carried out by
connecting a heating stage to the probe station. For all mea-
surements, Ti/Au were used as the electrodes.
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All the data are available within the article and in the ESIL.{
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