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Spatiotemporal characterization of the field-induced
insulator-to-metal transition
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Many correlated systems feature an insulator-to-metal transition that can be triggered by an electric
field. Although it is known that metallization takes place through filament formation, the details of how
this process initiates and evolves remain elusive. We use in-operando optical reflectivity to capture
the growth dynamics of the metallic phase with space and time resolution. We demonstrate that filament
formation is triggered by nucleation at hotspots, with a subsequent expansion over several decades

in time. By comparing three case studies (VO,, V305, and V,03), we identify the resistivity change across
the transition as the crucial parameter governing this process. Our results provide a spatiotemporal
characterization of volatile resistive switching in Mott insulators, which is important for emerging
technologies, such as optoelectronics and neuromorphic computing.

orrelated materials display a wide vari-

ety of electronic orders and phase tran-

sitions (). Particularly interesting are

Mott insulators, many of which show an

insulator-to-metal transition (IMT) driven
by electronic correlations (2, 3). This transition
can be induced when temperature, pressure,
or doping are varied (2, 4-6), but for some ma-
terials, it can also be triggered by the application
of an electric field (7-13). The field-driven IMT
results in volatile resistive switching, which
makes it very promising for upcoming tech-
nologies such as optoelectronics (14-16) and
neuromorphic computing (13, 17-21). Most
research has focused on transport properties,
particularly on how to exploit this phenome-
nology for potential applications (13, 17-22).
However, many questions regarding the basic
physics of the field-driven transition are still
unanswered. One of them concerns the tran-
sition dynamics—the path the system takes to
go from insulator to metal. Although there have
been several pump-probe studies on the dy-
namics of the light-driven IMT (23-26), the
physics of the voltage-driven transition may
be quite different and involves an interplay of
Joule heating, electric field lines, and temper-
ature gradients. Unraveling the voltage-driven
transition is crucial both for the basic under-
standing of the process and for the proper
design of technological applications, but it is
challenging from an experimental perspec-
tive as it requires in-operando characterization
of nano- or microdevices. Several techniques
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have been used to successfully visualize the
static (stationary) picture: Above a certain
threshold voltage, metallic domains appear
and arrange in a filament connecting the elec-
trodes, with characteristic widths in the micro-
meter range (27-29). However, a complete
picture of the field-driven IMT requires time
dependence to be added to spatial resolution.

To capture the filament-formation dynamics,
a probe sensitive to the metal-insulator phase
fraction and capable of fast signal acquisition
is needed. Techniques based on nanofocused
x-rays or on conductive atomic force micros-
copy (c-AFM) are not well suited for time-
resolved measurements. Optical reflectivity, on
the other hand, has been shown to provide a
very good estimate of the metallic phase frac-
tion (6), and its time dependence can be easily
monitored. Figure 1A shows reflectivity r as a
function of temperature 7, in a VO, thin film.
A clear contrast between the reflectivity of the
low-temperature insulator (7,s) and the high-
temperature metal () can be seen, together
with the intrinsic hysteresis of the first-order
phase transition. We define the normalized
reflectivity Tnorm = (r- 7'Ins) / (rMet - rIns) and
use it as an estimate of the metallic phase
fraction. We use this technique to study the
transition dynamics in three well-known oxides
featuring an IMT: VO, (Tiyr = 340 K), V,04
(Trvr = 160 K), and V305 (Tryr = 420 K) (2, 30).
These materials have very different transition
temperatures and magnitudes of the resistance
change [fig. S1 (31)]. In V5,03 and VO,, the IMT
is a first-order transition accompanied by an
abrupt change of the crystal lattice symmetry
and dimensions (2, 6). In V505, the IMT is a
second-order transition and happens with-
out a substantial structural change (30). This
distinction allows us to examine the impor-
tance of various factors and single out the
most relevant properties governing the field-
driven IMT.
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Fig. 1. Measurement of the metallic phase frac-
tion. (A) Reflectivity r versus temperature T in a
100-nm-thick VO, film. a.u., arbitrary units. (B) Sche-
matic representation of the measurement setup. Two
Ti/Au electrodes (yellow) are patterned on top of a
vanadium oxide film (orange), leaving a 20-um oxide gap
in between them. The IMT is induced by applying a
voltage step using a function generator. A 660-nm laser
is focused to a 3-um spot between the electrodes,

and the reflectivity is measured with a photodetector.
Current and reflectivity are monitored with an oscillo-
scope. Spatial resolution is enabled by moving the
laser spot in the direction perpendicular to the current.
(C) Current (top) and reflectivity (bottom) in a VO,
device as a function of time, when a 24-V step is
applied at t = 0. Time axis is on a logarithmic scale. T =
333 K. The two curves in the bottom panel illustrate the
different reflectivity response in two locations: the
middle of the gap [red curve, position marked with a
red cross in (B)] and 10 um away from the center [blue
curve, position marked with a blue cross in (B)].

Figure 1B shows a schematic representation
of our experimental setup. The VO, and V,03
films were grown using magnetron sputter-
ing from a V,0j3 target. In the VO, case, a small
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Fig. 2. Nucleation dynamics of the field-driven IMT. (A) (Top) Current versus
time in a VO, device when the field-driven IMT is triggered by a 12-V step applied
at t = 0. Base temperature is T = 335 K. The vertical dashed line shows the
moment in which the filament percolates. (Bottom) Space- and time-resolved
reflectivity, recorded at the same time as in the top panel. The reflectivity is
shown on a logarithmic color scale. The horizontal axis is time in logarithmic
scale, and the vertical axis corresponds to the coordinate along which the spot
was scanned. The scanning direction is perpendicular to the current direction.

amount of O, gas was added during growth to
achieve the desired stoichiometry. The V305
was derived from a V,0Oj film after an anneal-
ing in a controlled oxygen atmosphere. More
details on sample fabrication and properties
can be found in the supplementary materials
(31). Metallic electrodes were patterned to
define planar VO, bridges in which resistive
switching can be induced while simultane-
ously measuring the reflectivity. Figure S5
shows the quasistatic voltage-current char-
acteristics of the devices. Resistive switching
is completely volatile, ruling out any electro-
forming caused by ion migration. The elec-
trodes are 20 pm wide with a 20-um separation,
leaving an exposed oxide gap in between. A
660-nm laser is focused to a 3-um spot and
aimed into the gap, and the reflectivity is mea-
sured using a photodetector with a time reso-
lution of ~50 ns after signal amplification. A
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voltage pulse is applied across the electrodes
using a function generator. The generator’s
output impedance is 450 ohms, which is con-
siderably larger than the typical metallic state
resistance of the devices (~10 ohms) but much
lower than the insulating state resistance
(>10 kilohms). Hence, our experiment can be
considered voltage controlled before filament
formation, and it becomes current limited
afterward—a necessary condition to avoid dam-
age. We use an oscilloscope to simultaneous-
ly record reflectivity and current. To increase
signal-to-noise ratio, averaging over 100 cycles
is performed for each reflectivity measure-
ment. The voltage pulse width is a few milli-
seconds to characterize the device’s response
over several decades in time, and the separa-
tion between cycles is kept at 1 s to allow for
complete cooling down and relaxation to the
initial insulating state (11). The top panel in
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Dashed white lines indicate the electrode width. The emergence of a filament
close to 30 ps is readily visible. (B) Zoomed-in reflectivity maps for VO,, for three
different applied voltages: 10 V, 11 V, and 12 V. The time scale has been zoomed
into the first 10 ps, and the color scale has been amplified to better appreciate
the formation of hotspots before the appearance of the filament. T = 335 K.
Full-scale data are shown in fig. S3 (3I). (C) Incubation time (1) as a function
of the applied voltage, at different temperatures. The three panels correspond
to the three oxides studied here: V305, VO,, and V,03.

Fig. 1C shows the current versus time when a
24-V step is applied at time ¢ = 0. After an in-
cubation time of ~300 ns, a filament is formed,
and the current quickly increases. The bottom
panel shows the normalized reflectivity in the
center of the gap (red) and 10 um away (blue).
The time axis is on a logarithmic scale. Compar-
ing the curves, we can conclude that metalliza-
tion happens fast in the center on a time scale of
~10""s and then expands at a much slower rate
to the final (stationary) filament configuration.
This example illustrates how this setup of-
fers a distinct opportunity to observe the re-
sistive switching dynamics, allowing us to
form a complete picture of the process. By
repeating this measurement every 3 um, it is
possible to capture, with space and time reso-
lution, the dynamical evolution of the field-
driven IMT. This can be seen in Fig. 2A. The
color scale indicates the metallic fraction, the
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Fig. 3. Dynamics
of filament ex-
pansion and role
of the resistance
ratio pins/pmet-
(A) Space- and
time-resolved
reflectivity during
the field-driven
IMT. The reflectiv-
ity is coded in
color scale. The
horizontal axis is
time on a logarith-
mic scale, and the
y axis corresponds
to the coordinate
along which the
spot was scanned,
which is perpen-
dicular to the cur-
rent direction.
Dashed white lines
indicate the
electrode width.
Time is set to zero
when the filament
percolates, in con-
trast to Fig. 2, in
which it was set to
zero when the
voltage was
applied. The three
panels correspond
to the three mate-
rials used in this
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work. The measurement conditions were: V =30V and T = 328 K for V30s; V =20 V and T = 330 K for VO,; and
V=32V and T =134 K for V,03. The inset in the bottom panel shows a zoomed-in picture of the first moments
of filament expansion in V,03, and the time axis is in linear scale. (B) Simulated 2D temperature maps just after filament
percolation. The x axis is parallel to the current direction, and the green bars mark the position of the electrodes.
Base temperature in the simulation was 0.88 Ty, where Ty is the transition temperature. The top panel corresponds
to a resistivity ratio pins/pmet = 10° and the bottom panel corresponds t0 pins/Prmet = 2.7 X 10°. Because no defects
are present in the simulation, the filaments originate at the electrode corners, where the electric field is the largest.

horizontal axis is the time on a logarithmic
scale, and the vertical axis is a scan across the
direction perpendicular to the current-filament
direction. This can be interpreted as a picture
of the filament width as a function of time.
The dashed white lines mark the width of the
electrodes. The current versus time is plotted
in the top panel for comparison. There is an
~30-us incubation time (t;,.) between the ini-
tial voltage application and the filament for-
mation, clearly identified as a sudden jump
in the reflectivity map. 1, is larger than that
shown in Fig. 1C because we are applying 12 V
instead of 24: V (32). This localized reflectivity
jump caused by the emergence of a metallic
filament is observed for the three oxides we
studied. Notably, subtle changes in 7,0rm, can
be observed long before the filament is formed,
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which points either to a partial metallization of
the system or to a temperature increase within
the insulating state. These changes are distrib-
uted nonuniformly, indicating the presence of
nucleation points that slowly grow in size and
eventually trigger the formation of a filament.
These results suggest the following qualita-
tive scenario. As the electric field is applied,
the current flows inhomogeneously, concen-
trated in intrinsic defects or inhomogeneities
of the film. Defects tend to partially suppress
the IMT and lower the film resistivity (33, 34),
which helps in focusing the current. As Joule
heating concentrates in these hotpots, the tem-
perature increases locally, further metallizing
them and concentrating the current even more.
A positive feedback loop is established, lead-
ing to an instability and ultimately filament
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formation. For a simple, single-element system,
the thermal dynamics will follow

OT /ot < B2 /p(T) — - (T ~Tp) (1)

where E is the electric field, p(7) is the re-
sistivity, Ty, is the substrate temperature, and «
is the thermal coupling constant between the
film and the substrate. Equation 1 highlights
the applied voltage and the temperature de-
pendence of the resistivity as the key factors
controlling the feedback loop, and changes
in any of these parameters are expected to
greatly affect the nucleation dynamics. This
can be seen experimentally in Fig. 2B, which
shows an amplified picture of the nucleation
process (before percolation of the filament)
for three slightly different applied voltages:
10V, 11V, and 12 V. The color scale has been
rescaled to better visualize the small reflectiv-
ity changes associated with prefilament dy-
namics [full scale plots shown in fig. S3 (31)].
Comparing the top and bottom panels, it can
be observed that even small voltage variations
can result in big differences in the nucleation
process. Higher voltages enhance inhomo-
geneous metallization, focusing the current
into smaller hotspots. This accelerates the
nucleation dynamics, markedly reducing the
incubation time (t;,.). Figure 2C shows 1,
as a function of the applied voltage V for three
oxides: V305, VO,, and V,0s. In all cases, sub-
tle voltage variations can change 1;,,. by several
orders of magnitude. However, there are very
noticeable differences between the three sys-
tems. The T, sensitivity to voltage changes is
relatively low for V505, higher for VO,, and very
high for V,0s. In the V,05 case, it approaches
an all-or-nothing behavior, with t;,. decreas-
ing from infinity to a few microseconds with
a <1% increase in voltage.

These differences between materials are ob-
served not only during nucleation but also
after filament percolation. Figure 3A shows
again the metallic fraction as a function of
time and Y position. Whereas in Fig. 2 £ = 0 is
set when the voltage is applied, here we as-
signed ¢ = 0 to the moment when the filament
percolates, which can be identified by an ab-
rupt current jump. This allows us to disregard
nucleation dynamics and observe—on loga-
rithmic time scale—a different process: fila-
ment expansion. The three oxides are shown,
and whereas VO, and V305 seem to behave
qualitatively in a similar way, V,05; does not.
For V305 and VO,, the filament is initially con-
fined to a narrow path, but it immediately starts
widening and eventually reaches its final shape.
Notably, this growth does not happen at a con-
stant rate but spans multiple decades in time—
i.e., there is no characteristic time scale. The
expansion over the first microsecond is com-
parable to the growth over the following 10 us,
which is in turn similar to the subsequent
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100 us. After 0.1 to 1 ms, the filament starts
converging to a stationary configuration. This
behavior can be understood in terms of cur-
rent fanning. As the filament grows thicker,
the current density goes down, causing a de-
crease in Joule heating and local temperature.
As aresult, heat flowing from the filament into
the neighboring areas becomes smaller, reduc-
ing growth rate. At first glance, the growth
dynamics of V,03 look completely different
when compared with VO, and V;0;. The fila-
ment reaches a stationary configuration in
1to 2 us, remaining unaltered after that. The
inset in the bottom panel of Fig. 3A shows a
zoomed-in picture of the first 600 ns. Fila-
ment expansion is actually clearly visible but
at a much higher speed: Whereas the initial
growth rate is ~0.3 m/s for V505 and 1to 2 m/s
for VO,, in V,03 it is on the order of 100 m/s.

This trend—V3;0; having the slowest dy-
namics and V,03 the fastest—is present both
in filament nucleation (Fig. 2C) and in fila-
ment expansion (Fig. 3A). To understand this,
it is important to consider the other key factor
controlling the metallization feedback loop—
the temperature dependence of the resistivity
(Eq. 1). This dependence is steeper the larger
the magnitude of the IMT, which is given by
the resistivity ratios (pins/Pmet) between the
insulating and metallic states. pi,s/pPmet ac-
tually varies a lot between the three oxides
studied here, being ~10 for V,;0;, ~10% for VO,,
and >10° for V,0; (fig. S1).

To investigate how pins/pmet affects the nu-
cleation and growth dynamics, we modeled
our device as a resistor network [see further
discussion and fig. S9 in (31)]. Each node in
the network can be either insulating or me-
tallic, depending on the local temperature
through a Landau-type free energy functional
that mimics a first-order phase transition (11, 35),
similar to the IMT present in VO, and V,0s.
This functional depends only on the temper-
ature, without any direct contribution from
the electric field. This implies that in our sim-
ulations, the IMT can only be triggered either
by Joule heating or by increasing the overall
temperature. At each simulation step, temper-
ature, voltage, and current distributions are
updated, providing information about the sys-
tem dynamics. Figure 3B shows two-dimensional
(2D) temperature maps just after the filament
percolates for two different cases: pins/pPmet = 10°
and ping/Pmet = 2.7 x 10°. Because intrinsic
defects are not included in the simulations,
the filaments form at the corners of the elec-
trodes, which are the points of maximum electric
field. For larger pins/pmet, the current concen-
trates into a much narrower path, and the nu-
cleation is more heterogeneous. Localized
nucleation focuses Joule heating into smaller
regions, amplifying the feedback loop and
accelerating the nucleation dynamics. This
explains why t;,,. is much more sensitive to small
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voltage increments in V503 (Pins/Pmet = 10°)
than in VO, (Pins/Pmet = 10%). Once percolation
takes place, the filament starts widening—a
feature also captured by the simulations (fig.
S10). The initial rate at which it grows is pro-
portional to its temperature. As can be seen in
Fig. 3B, the filament temperature is higher for
larger pins/Pmet Providing a qualitative explana-
tion for the different expansion rates observed
in Fig. 3A. The role of system inhomogeneity
has been previously explored in (36), where a
similar conclusion was reached, with higher p;,s
leading to smaller metallic regions with the
subsequent increase of local current density.
According to our simulations, for large pi,s/
Pmet, @ very small volume of the sample con-
trols the initial nucleation. This renders the
metallization of the whole device sensitive to
local fluctuations, markedly increasing sto-
chasticity. This picture is supported by 7,
error bars in Fig. 2C, which are barely visible
for V505, are noticeable for VO,, and are very
large for V,03, indicating that stochastic be-
havior in filament formation increases with
an increasing pins/Pmet ratio. As a consequence,
V,0s is affected by intense cycle-to-cycle varia-
tion [see further discussion and fig. S11 in
(81)]. VO, and V305 do not show comparable
cycle-to-cycle variations. Although our sim-
ulations do not consider defects, our samples
feature some device-to-device variability, pos-
sibly owing to intrinsic disorder. Even though
this leads to noticeable differences in the quasi-
static voltage-current characteristics [fig. S5C
(81)], reflectivity measurements show that fila-
ment nucleation and growth dynamics are
very similar for different devices [fig. S12 (31)].
Although the pi,s/pmet Tatio seems to account
for most differences between the three oxides,
we must also consider other possibilities. The
three materials feature very diverse transition
temperatures, which could lead to large changes
in the parameters that control thermal dynam-
ics. A larger effective thermal conductivity g
would naturally accelerate the switching pro-
cess. Our films are grown on top of sapphire,
which has a large « that increases with low-
ering temperature and could contribute to
the differences between VO, and V,05;. How-
ever, the vanadium films are one-tenth to one-
hundredth as thermally conductive as sapphire.
This makes vertical conduction across the thin
film, and not the substrate, the dominant term
that determines heat conductance into the en-
vironment. According to finite element simu-
lations in (37), in our films, temperature drops
almost to the environment value before reach-
ing the sapphire interface. Considering that the
thermal conductivities for the three oxides are
very similar at our measuring temperatures
(0.030 W/K per centimeter at 330 K for V305,
0.045 W/K per centimeter at 330 K for VO,,
and 0.035 W/K per centimeter at 130 K for
V,03) (38), we expect our three devices to have
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comparable k¢ values. So, although it is pos-
sible that variations in k could enhance the dif-
ferences between these oxides, we still expect
Pins/Pmet 0 be the key parameter. This is best
appreciated when comparing the switching of
VO, and V305 at the same temperature, when
the sapphire thermal conductivity is similar
[fig. S13 (31)]—its oW pins/pmet ratio makes in-
sulating V305 very leaky and drastically re-
duces the sharpness of the transition between
low- and high-current states.

Our results show that growth and percolation

of the metallic phase during the field-driven
IMT can be explained just by considering the
effect of Joule heating. However, this does not
necessarily imply that Joule heating triggers
the transition of the first metallic domains.
Although this is likely the case for VO, (39, 40),
recent studies in V,03 have shown that the
IMT can be triggered directly by the electric
field (12, 37), possibly by carrier injection into
the conduction band and destabilization of
the insulating phase (36, 41). Whether Joule
heating or field effect are responsible for the
transition of the first metallic domains does
not affect the interpretation of the results shown
here. Once a small portion of the sample un-
dergoes the IMT, the current increases and
Joule heating takes over, becoming the main
driving force governing the nucleation and
subsequent growth of the filament. The clear

filament thickening after percolation observed
for all three materials is a clear hallmark of
this process, and it would not be expected if
the electric field drove the growth dynamics.
Notably, pins/pPmet Can account on its own for
the quantitative differences between V505,
VO,, and V,03. Other factors, such as the pres-
ence of a coupled structural phase transition
or whether the IMT is first or second order, do
not seem to play a fundamental role. Our results
unveil a complete picture of the field-induced
IMT and identify the key parameters that con-
trol switching speed, which is vital for proper
material selection and device design in emerg-
ing information technologies, such as optoelec-
tronics and neuromorphic computing.
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Watching a metal filament grow

Resistive switching is a process in which the electrical resistance of a sample changes abruptly in response to a
voltage pulse, often by orders of magnitude. This process is at the heart of many neuromorphic computing approaches
but visualizing it in both space and time is tricky. del Valle et al. monitored the resistive switching in three different
vanadium oxide compounds by measuring time- and space-resolved optical reflectivity (see the Perspective by
Hilgenkamp and Gao). A characteristic conducting filament was quickly nucleated on the inhomogeneities in the
sample and then propagated due to Joule heating. —JS
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