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Multibridge VO2-Based Resistive Switching Devices in a
Two-Terminal Configuration

Xing Gao, Thijs J. Roskamp, Timm Swoboda, Carlos M. M. Rosário, Sander Smink,
Miguel Muñoz Rojo, and Hans Hilgenkamp*

Vanadium dioxide exhibits a hysteretic insulator-to-metal transition (IMT)
near room temperature, forming the foundation for various forms of resistive
switching devices. Usually, these are realized in the form of two-terminal
bridge-like structures. The authors show here that by incorporating multiple,
parallel VO2 bridges in a single two-terminal device, a wider range of possible
characteristics can be obtained, including a manifold of addressable
resistance states. Different device configurations are studied, in which the
number of bridges, the bridge dimensions, and the interbridge distances are
varied. The switching characteristics of the multibridge devices are influenced
by the thermal cross-talk between the bridges. Scanning thermal microscopy
(SThM) is used to image the current distributions at various voltage/current
bias conditions. This work presents a route to realize devices exhibiting highly
nonlinear, multistate current–voltage characteristics, with potential
applications in, e.g., tunable electronic components and novel, neuromorphic
information processing circuitry.

1. Introduction

To overcome limitations of computing systems based on von
Neumann architectures, like excessive data transfer between
memory and logic units, neuromorphic device concepts that
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mimic the function of neurons and
synapses are of particular interest.[1,2]

The neuromorphic computing circuitry
requires novel circuit elements with
tunable resistance states, nonlinear
response functions and, for the case
of spiking neuromorphic circuitry,
adaptable dynamic behavior.[1,3,4] VO2
is an attractive candidate material to
fulfill several of these roles, because
it exhibits a near-room-temperature,
hysteretic insulator-to-metal transi-
tion (IMT) with resistivity changes
of several orders of magnitude.[5–10]

The IMT can be tuned by chemical
doping,[11] epitaxial strain,[12,13] and ex-
ternal stimuli.[14–16] Particularly, it can
be triggered by electrical voltage/current
and the associated Joule heating.[16–21]

The electrical and thermal conduc-
tivity of VO2 are highly temperature-
dependent, leading to nonlinear

dynamics in an electrothermal feedback loop.[22,23] Using such
nonlinear behavior, Yi et al. have demonstrated a range of neu-
ronic spiking patterns in VO2-based neuromorphic circuits.[24]

Furthermore, tunable multilevel resistive states have been
achieved in single VO2 bridges, with the outlook that devices
with multiple parallel bridges may provide a higher degree of
control.[20]

Here, we extend our studies on two-terminal VO2 devices
incorporating such multiple parallel bridges. To characterize
the switching behavior, we perform both voltage-controlled
and current-controlled measurements, which result in different
current–voltage (I–-V) characteristics as will be elucidated below.
We have employed scanning thermal microscopy (SThM) to di-
rectly image the current distribution in the devices.[25] SThM
uses a special thermo-resistive probe with high thermal sensitiv-
ity that enables the characterization of thermal phenomena on
the sample surface with nanoscale spatial resolution.[26–28] For
our VO2 bridges, the local heating generated is directly linked
to the current flow, due to Joule heating.[17,29]

2. Results and Discussion

2.1. VO2-Based Double-Bridge Devices

In Figure 1a, the device configuration is sketched. The most basic
version, previously reported,[20] consists of a single VO2 bridge
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Figure 1. a) Schematic top-view of the VO2-based single-bridge and double-bridge device. The width (W), length (L), and spacing (d) of the patterned
VO2 parallel bridges are as labeled. b) Voltage-controlled (direction indicated with solid arrows) and current-controlled (direction indicated with dashed
arrows) I–V characteristics and c) differential conductance (dI/dV) as a function of applied current during the set and reset process of a single-bridge
device (L = 20 μm, W = 5 μm). ICC = 2 mA. Voltage-controlled and current-controlled I–V characteristics and of double-bridge devices (L = 20 μm, W
= 5 μm) with different spacings: d) d = 30 μm, e) d = 20 μm, and f) d = 5 μm. ICC = 3 mA. The terminology of threshold voltages (Vth) and currents
(Ith) for current sweeps are indicated in (d). The terminology of set voltage (Vs) and hold voltage (Vh) for voltage sweeps are indicated in f). Differential
conductance dI/dV during the set and reset process for corresponding devices: g) d = 30 μm, h) d = 20 μm, i) d = 5 μm. The range is selected to clearly
see the conductance steps. See Figure S3 (Supporting Information) for the full vertical axis range of dI/dV values.

contacted in a two-terminal configuration. In the same figure,
a double-bridge device is shown, in which the two-terminal
configuration is maintained. However, this structure consists of
two parallel bridges with length L, width W and interbridge spac-
ing d. Later on, configurations with more than two bridges will be
discussed as well. Figure 1b shows the switching characteristics
of a single bridge, in voltage- and current-sweep mode, respec-
tively. These data are in line with our previous report,[20] whereby
it is noted that all measurements discussed here are conducted af-
ter a first forming cycle (Figure S1, Supporting Information). The
electroforming process in the double-bridge devices follows the
same underlying principles as the single-bridge devices. More-
over, with sufficient power, the forming effect takes place on both
bridges, causing a decrease in the initial resistance of the bridges
and the required power for switching (Figure S2, Supporting

Information). For a voltage-controlled sweep, the heating gener-
ated at the switching point (here at V = 15 V) increases abruptly
by the sharp rise of the current, up to the compliance current
(ICC), which results in a sharp increase in dissipated power. For
a current-controlled sweep, on the other hand, the heating devel-
ops more gradually due to the associated voltage drop and can
be stabilized. On the reset path, using the current bias, a region
with a negative differential resistance (NDR) can be identified.
Figure 1c shows the numerically computed differential conduc-
tance dI/dV, for a limited range of values. Figure S3 (Supporting
Information) shows the full scale of the differential conductance,
including the NDR values.

Figure 1d–f shows measurements on a double-bridge struc-
ture with a fixed length (L = 20 μm) and width (W = 5 μm)
for different values of the spacing between the bridges, i.e.,
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30, 20, and 5 μm. Here, the difference between the current- and
voltage-bias sweeps becomes extra apparent. While with a voltage
bias, we again see a single, big increase in the current at the
switching point, for the current bias we see—depending on the
separation—multiple switches, as can be expected from a se-
quential switching of the individual bridges.

In the double-bridge devices, the switching behaviors of the
parallel bridge devices are determined by the intrinsic IMT of in-
dividual bridges and the thermal interaction between them. In
this work, several available knobs at a device level are tuned for
manipulation of the switching behaviors. Double-bridge devices,
multiple-bridge devices, and multiwidth-bridge devices are dis-
cussed in the following sections. Despite the rising complexity,
there are some basic trends that have been observed. One is that
more potential switches and intermediate resistive states can be
achieved by adding more bridges in parallel.

Also, the spacing between bridges influences the number
of switching events and the power required for subsequent
switches. This is clear from Figure 1d–f and Figure S4 (Support-
ing Information). If the bridges are far away from each other, for
example d = 30 μm (Figure 1d), the thermal cross-talk is small
and the bridges switch individually and sequentially. In this case,
a stable intermediate resistive state occurs. If the bridges are close
to each other, for example d = 5 μm (Figure 1f), the heat dissipa-
tion of one bridge will affect the other greatly and both bridges
will be triggered simultaneously, so that there is only one switch-
ing event during the set process. As shown in Figure 1e, there
is a critical spacing value, in this experiment d = 20 μm, where
the device shows simultaneous switching or individual switch-
ing randomly (see Figure S5 (Supporting Information) for the
current-controlled I–V curves for 20 cycles).

From the current-controlled I–V characteristics, the differen-
tial conductance (dI/dV) of the measured devices is calculated
and plotted as a function of applied current, see Figure 1g–i and
Figure S3 (Supporting Information). The dI/dV values near the
switching point or in the NDR region diverge to large positive
and negative values. When the device resistance settles, the dI/dV
should scale with the number of conductance paths available for
the current.[30] Indeed, we see that when there is only one switch
the change of differential conductance per switch is double to the
case when there are two consecutive switching events.

Interestingly, there are several NDR regions in the current-
controlled sweep, where the differential resistance (dV/dI) of the
device is negative. NDR can generally be found in materials that
form higher current density channels relative to the rest of the
material under electrical stimuli.[31] The dynamical instabilities
associated with NDR are of great interest for potential appli-
cations, such as selectors, threshold switches, amplifiers, and
oscillators.[22] There are two types of NDR: a “snapback NDR”
refers to a discontinuous transition from positive to negative dif-
ferential resistance, while an “S-type NDR” refers to a smooth
transition.[22,32] Li et al. reported a model of current-controlled
NDR by explicitly accounting for a nonuniform current distribu-
tion in the oxide film and its impact on the effective circuit of the
device.[33] In their model, the switching element is considered
as a core–shell structure with a high current–density core rep-
resented by an archetype memristor and a low current–density
shell represented by a resistor. The NDR characteristics are deter-
mined by the relative magnitudes of the shell resistance (RS) and

the maximum negative differential resistance of the core (RNDR),
with S-type characteristics predicted for RS > RNDR and snapback
characteristics predicted for RS < RNDR. When both the core and
the shell regions are modeled as archetype memristors with a
temperature-dependent conductivity, the resulting NDR charac-
teristics become combinations of S-type and snapback. These two
types of responses are generic for materials with a significant
temperature-dependent conductivity. Moreover, the behavior can
be controlled by adjusting the material conductivity, device area,
or ambient temperature.[32]

Both types of NRD response, and sometimes even more com-
plex combinations of them, are observed in our devices. With the
thermally induced IMT in VO2, the dynamics and instabilities re-
sult from an electrothermal feedback loop, as the electrical and
thermal properties are highly temperature-dependent.[4] In our
devices, the snapback NDR is usually observed during the set
process due to the sharp transition from low conductivity to high
conductivity and the current redistribution between the bridges,
while the S-type NDR is observed during the reset where the VO2
bridges are experiencing a more gradual transition.[18,34] More-
over, the thermal cross-talk among the bridges will also lead to
complex NDR characteristics.

Assuming that the voltage is equal across both bridges and de-
creases linearly along the device, the current can be determined
from the Joule heating. Therefore, the current distribution and
switching behavior in our multibridge devices can be visualized
by mapping the Joule heating locally using SThM, as is shown
in Figure 2a,b which shows that the bridges are switched in-
dividually under the applied current bias for the well-separated
double-bridge device under study here. During the SThM scans,
the device is set to stable intermediate resistive states by biasing
at constant current values as shown in Figure 2c. The qualitative
thermal maps obtained during the set process and the reset pro-
cess maintaining constant measurement conditions are plotted
in Figure 2d,e, respectively. In this, the SThM signal correlates
with the temperature increase of the bridges. By increasing the
bias current from zero to a value below the threshold current for
switching Ith, the current distributes evenly over the two bridges
(scan A). When one of the bridges switches, the heating is re-
distributed indicating that almost all the current flows through
the bridge that has switched ON (scan B). By further increasing
the bias current, there will be an increase in the current flowing
through both bridges according to their differences in resistance
and, potentially supported by heat transferred from the bridge
with the highest current, also the remaining bridge switches to a
low-resistance state (scan C).

The reset process is basically the inverse process of the set be-
havior, but follows a different trace, due to the hysteretic resis-
tance versus temperature characteristics of the VO2. Starting with
two bridges in the low-resistance state (scan D), the right bridge is
switched OFF when the current decreases (scan E), and finally the
remaining bridge is also switched to the high-resistance state and
the current is almost evenly distributed over both bridges again
(scan F). While in principle the switching sequence between the
two bridges for the set and reset process could be different, we
see in Figure 2 as well as in all our other measurements thus far,
that the order of switching back to the high-resistance state is the
reverse of the switching events to the low-resistance state. The re-
set order is determined by the power for a bridge to be switched
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Figure 2. a) Schematic of the SThM measurement. The black dashed line box indicates the scan area. The color codes assigned to the bridges denote
their status, with red indicating that the bridge is ON (i.e., low resistance), while blue represents a bridge that is OFF (i.e., high resistance). b) Voltage-
controlled and current-controlled I–V characteristics of a VO2-based double-bridge device (L = 20 μm, W = 5 μm, d = 30 μm). ICC = 2.5 mA. The points
where SThM measurements were taken are labeled as follows; A: 0.4 mA, B: 0.9 mA, C: 2.3 mA, D: 1.8 mA, E: 1 mA, and F: 0.47 mA. c) Applied current
and measured resistance (V/I) during SThM measurements. d,e) Qualitative 3D SThM thermal maps during the set and reset process, respectively. The
points where the scans were taken are indicated beside their respective maps and the arrow shows the order of the scans. The 2D surface topography
images at the bottom are obtained using the SThM tip in atomic force microscopy mode and are shown as a guide for the position of the bridges in the
device.

ON and OFF. Even though the bridges have been designed to
be identical, slight variations in geometry, dimensions, material
composition, and local defects can lead to variations in their re-
quired switching power. For the bridge that can be switched with
lower power, the power for it to be switched OFF is also lower.
Therefore, the first-set bridge maintains the ON state for a longer
duration during the reset process.

In Figure S4 (Supporting Information), the SThM characteris-
tics of the well-separated bridges are compared with the case for
bridges in close proximity. In accordance with our observation of
a single simultaneous switching of both bridges in the latter case,
we see only one wide heating path covering both bridges in the
SThM measurements for those devices.

Figure 3a,b shows the correlation between the switching pa-
rameters and the bridge spacing d for double-bridge devices with
different bridge length, L = 10 and 20 μm, respectively. See
Figure S6 (Supporting Information) for the voltage-sweep and

current-sweep I–V characteristics of the devices used for extract-
ing the data. The threshold voltage Vth and power Pth in these
current-controlled experiments both scale with bridge length,
while the threshold current Ith does not. The shorter bridges
can be switched individually at a smaller spacing compared with
the longer bridges, which is beneficial for down scaling the de-
vice further. The power needed for the first snapback (P1) is
found to be not strongly dependent on the spacing while the
power required for the second one (P2) is correlated with the
spacing. At the critical point, d = 10 μm in Figure 3a and d =
20 μm in Figure 3b and Figure S5c (Supporting Information),
the first switching power is already enough for both bridges to be
switched. However, due to fluctuation in the thermal cross-talk,
there is also potential individual switching within the device and
sometimes it dominates the switching behavior. The power dif-
ference (ΔP) between P2 and P1 scales with the bridge spacing,
in line with the consideration that more power is required for

Adv. Electron. Mater. 2023, 2300304 2300304 (4 of 10) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300304 by U
niversity O

f T
w

ente Finance D
epartm

ent, W
iley O

nline L
ibrary on [12/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 3. Switching parameters of current-controlled measurements as a function of the bridge spacing for VO2-based double-bridge devices: a) L =
10 μm, W = 5 μm and b) L = 20 μm, W = 5 μm. The top panels show the threshold voltage (Vth). The middle panels show the threshold current (Ith).
The bottom panels show the calculated switching power (Pth) and the power difference (ΔP) between the first and the second snapback. Subscripts 1
and 2 stand for the first snapback and the second snapback, respectively.

the secondary switch when the thermal cross-talk becomes less
significant.

Temperature-dependent measurements are also performed on
double-bridge devices (see Figures S7 and S8, Supporting Infor-
mation). With increasing operating temperature, Vs, Vh, and the
hysteresis window between them for the voltage-controlled mea-
surements reduce. For the current-controlled measurements of
the device with large spacing (d = 30 μm), Ith, P, and ΔP also
decrease with increasing temperature. Interestingly, the device
with smaller spacing (d = 5 μm) starts to show individual switch-
ing when temperature increases. The critical temperature is 300
K where the device shows a secondary switch after the NDR re-
gion. When operating the device closer to the transition temper-
ature, the amount of heating required for the transition dimin-
ishes, leading to a reduction in the required power to trigger
the switching process, as well as the heating generated by the
switched bridge. As a result, the influence of thermal cross-talk
on the switching behavior becomes less significant.

2.2. VO2-Based Multiple-Bridge Devices

Based on the systematic studies on double-bridge devices, we fur-
ther fabricated triple-bridge devices (Figure 4a). The addition of
an extra bridge introduces the potential for more switches and
resistive states. The current-sweep curves in Figure 4b show that
there are three distinct snapbacks and a maximum of four stable
resistive states for the triple-bridge devices. To image the switch-
ing dynamics, SThM thermal maps of each resistive state are
measured (Figure 4c). It is observed that, in this particular mea-
surement, the bridges are switched in sequence from right to left
as the applied current increases, corresponding to the individual
snapbacks in the I–V curves.

To obtain even more resistance states, two more bridges are
added to the device design, thus forming a quintuple-bridge de-
vice (Figure 4d). As shown in Figure 4e, the current–voltage char-
acteristics of these devices show five distinct snapbacks and a
maximum of six stable resistive states, all in a single two-terminal
device without additional external stimuli. The SThM thermal
maps in Figure 4f show that the bridges are switched individually,
in this case from the bridge in the middle to the ones at the edges.
To be noted, for both triple-bridge and quintuple-bridge devices,
subsequent switches predominantly happen to the neighboring
bridge of the ON-state bridge for L > d. For L <≈d, however,
stochasticity can be induced as will be further discussed. This
observation provides further proof that thermal cross-talk is the
main influential factor for the sequential switching process.

More resistive states can be achieved by adding even more
switching elements in the device and the switching principles are
still maintained. However, the increasing number of VO2 bridges
also introduces more complexity and stochasticity. As can be seen
in the I–V characteristics in Figure 4, before the first stable inter-
mediate state is achieved, the competition among bridges leads to
irregular patterns in the low current range. Moreover, as revealed
by the SThM scans of the multiple-bridge devices (Figures S9 and
S10, Supporting Information), the switching behavior after the
first switch can also become complicated. For example, although
the triple-bridge device in Figure 4c shows three distinct snap-
backs, the order of switching bridges is completely different from
the one in Figure 4b. As shown in Figure S9b,c (Supporting Infor-
mation), the right bridge is set first (scans A and B), then for the
second snapback, the other two OFF-state bridges are switched
ON together while the right bridge is switched OFF, surprisingly
(scan C). Finally, the right bridge is switched ON again creating
the third snapback (scan at 2.2 mA). Even more complex phe-
nomena are observed in the quintuple-bridge device in Figure 4f.
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Figure 4. a) Schematic of the fabricated VO2-based triple-bridge device (top view). b) Current-controlled I–V characteristics and 3D SThM thermal maps
during the set process of a VO2-based triple-bridge devices (L = 20 μm, W = 5 μm, d = 10 μm). The points where SThM measurements were taken are
labeled as; A: 0.4 mA, B: 1.2 mA, and C: 1.8 mA. d) Schematic of the fabricated VO2-based quintuple-bridge device (top view). e) Current-controlled I–V
characteristics and f) 3D SThM thermal maps during the set process of a VO2-based quintuple-bridge devices (L = 15 μm, W = 5 μm, d = 10 μm). The
points where SThM measurements were taken are labeled as follows; A: 0.4 mA, B: 1.4 mA, C: 2.2 mA, D: 3.3 mA, E: 4.9 mA).

The SThM thermal maps in Figure S10b (Supporting Informa-
tion) show that the second bridge from the left appears to be set
first (scan A) in a stochastic regime with probably strong compe-
tition among the bridges. At higher current, the system reaches a
stable state with only the fifth-bridge switched ON (scan B). Then,
the fourth bridge is triggered due to the thermal assistance of the
ON-state fifth bridge (scan C). However, for the third snapback,
the fourth bridge is switched OFF, whereas the second bridge is
switched ON again at the same time (scan D). Subsequently, the
bridges in between the second and fifth ones are triggered with
the same current (scan E) as they receive nearly equal heating
from their neighbors. Finally, the last remaining bridge on the
left is also switched ON with increasing current. To investigate
the repeatability of the behavior in the low current range, an addi-
tional round of SThM scans is performed after scan F. This time
the fifth bridge is set first without competing with the second one
(scan A*) and the scans at higher currents remain the same. The
first switched bridge can be different for different cycles.

As discussed above, due to the additional complexity, the in-
trinsic switching behavior is not always as straightforward as the
current-controlled I–V characteristic would indicate. The electro-
forming circumstances for multiple-bridge devices can be com-
plex due to the increased number of bridges. It is expected that
with sufficient power, all the bridges will undergo electroform-
ing in the first cycle. However, in cases where the power is inade-

quate (Figure S1b–d, Supporting Information), only a few bridges
may be formed. The competition among the nominally identi-
cal bridges for the first switch makes the set process in the low
current range chaotic, leading to the unpredictable first switched
bridge. Furthermore, more than one bridge can be switched ON
simultaneously, sometimes accompanied by an ON-state bridge
switching back to the OFF state. The surprising observation of an
apparently stochastic order of switching for L <≈d cannot be ex-
plained fully by thermal cross-talk between steady-state bridges.
We theorize that local thermal fluctuations could drive the ob-
served stochasticity, which will be the subject of further research.
This complexity may be further optimized and utilized in appli-
cations, for example, in finite-state machine devices.[35]

2.3. VO2-Based Multiwidth-Bridge Devices

In the parallel-bridge devices, there are several variables to ma-
nipulate the switching behaviors, including the intrinsic IMT
properties of the VO2 bridges, the configuration of the devices,
and the operating temperature. There is also an interplay be-
tween these factors, as was shown above. The intrinsic IMT de-
termines the required switching power and the resistive states
of the device. However, by tuning the operating temperature,
the switching characteristic and critical spacing for synchro-
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Figure 5. a) Schematic of Device I (L = 20 μm, W = 5/5/10 μm, d = 20 μm) (top view). b) Current-controlled I–V characteristics and c) dI/dV plots
of Device I. d) 3D SThM thermal maps during the set process for Device I. The points where SThM measurements were taken are labeled by letters
(A: 0.4 mA, B: 1.5 mA, C: 2.2 mA).

nized/sequential/stochastic switching in multi-bridge devices
can be changed. In the following, we will show an example of an
additional degree of freedom, namely the geometry of the bridge.

So far, all the bridges in one device are identical with the same
length, width, and spacing. However, as mentioned in a previous
section, competition between identical bridges can lead to un-
predictable inherent switching behavior. We expect the geometry
of bridges to strongly influence the switching behavior, as it af-
fects the initial resistance, the switching power, and the generated
heating of the bridges. The measurement results of two triple-
bridge devices with multiwidth bridges are shown in Figures 5
and 6. The devices contain bridges with the same length and spac-
ing, but different widths and order. The wider bridge is placed at
the edge of Device I (Figure 5a), and in the middle of Device II
(Figure 6a). In current-controlled measurements, they both show
three snapbacks and four resistive states, although the trend of
the curves differs. The third switch of Device I (Figure 5b) is
more intense and occurs at a lower current compared with De-
vice II (Figure 6b). Furthermore, the dI/dV of the set process in
Figure 5c indicates that there are three available current paths in
Device I. The first two steps are of equal height while the third
step is twice as high, suggesting the two 5 μm-wide bridges are
switched first and followed by the 10 μm-wide bridge. It is con-
firmed by the SThM thermal maps in Figure 5d that, indeed,
from the narrow one on the left to the wide one on the right the
bridges are switched in sequence. In contrast, the dI/dV plots of
Device II in Figure 6c are more scattered and there are only two
steps with different height. The SThM measurements reveal its
switching dynamics. As shown in Figure 6d, the left 5 μm-wide
bridge is triggered first (scan A) and maintained ON with increas-

ing current until the device reaches a steady resistive state (scan
B). However, for the second snapback, the left bridge is switched
OFF and at the same time the 10 μm-wide one in the middle is
triggered (scan C). Increasing the current further, the left 5 μm-
wide bridge is switched ON again while the right one remains
OFF (scan D).

The behavior of measured multiwidth-bridge devices shows
several recurring aspects. The narrow bridges in the devices tend
to win the competition in the low current range and can be trig-
gered first. While in a zeroth-order approximation one would not
expect a difference, because all W-dependencies related to power
dissipation and heating cancel out, in reality additional physics
play a role. Considering factors such as heat conduction through
the substrate or via the electrodes, it becomes plausible that nar-
rower bridges experience faster heating compared with wider
ones. Furthermore, we can conceptualize both the narrow bridge
and wide bridge as core–shell structures, following the model
proposed by Li et al.[33] In this scenario, once the first metallic
domains are nucleated (the “cores”), the wide bridges exhibit a
lower shell resistance as compared with the narrow bridges. This
implies that less current flows through the nucleated domain for
the wide bridge as compared with the situation in the narrow
bridge, reducing the heating process. Moreover, once the wide
bridges are switched ON, they dominate most of the current flow-
ing through the device due to their small resistance in the low-
resistance state. This can also lead to narrow bridges switching
back to the OFF state. If one wants to avoid this, it is wise to place
the wider bridge at the edge, like in Device I.

From the examples above, it is clear that there are many
possibilities for tuning the device configuration by varying the
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Figure 6. a) Schematic of Device II (L = 20 μm, W = 5/10/5 μm, d = 20 μm) (top view). b) Current-controlled I–V characteristics and c) dI/dV plots
of Device II. d) 3D SThM thermal maps during the set process for Device II. The points where SThM measurements were taken are labeled by letters
(A: 0.4 mA, B: 1 mA, C: 1.5 mA, and D: 3.5 mA).

lengths, widths, and spacing of the bridges. For example, a
multiple-bridge device containing bridges of different widths,
growing from one side to the other, is expected to display a “water-
fall switching” sequence from the narrowest bridge to the widest.
The spacing can be adjusted to allow the thermal interaction as-
sisting the subsequent switches instead of interfering with them.

3. Conclusion

In conclusion, we have investigated the resistive switching behav-
iors of VO2-based parallel-bridge devices in a two-terminal con-
figuration. The current-controlled measurements allow a higher
degree of control over the resistive states compared with the
voltage-controlled ones. The current-controlled switching behav-
iors are influenced by the intrinsic switching properties of the
bridges and the thermal interaction among them. The switch-
ing behavior can be manipulated at the device level by adjust-
ing several key factors, including bridge numbers, bridge spac-
ing, and bridge geometry, which also interact with each other.
With more bridges, there is potential to achieve more switching
events and resistive states. The spacing between bridges affects
the number of switches and the potential switching bridge. In the
limit of small device length and current, stochastic behavior can
emerge. Further investigations, including both modeling and ex-
periments, are required before determining a universal criterion
for distinguishing between stochastic behavior and sequential
behavior. The switching principles of single-bridge devices can
be extended to multiple-bridge devices, which can act as build-

ing blocks for versatile reconfigurable devices. Miniaturizing the
bridges to the nanoscale will result in a significant decrease in
the switching bias. A further degree of freedom that can be intro-
duced to enhance the functionality of such VO2 devices with com-
plex topologies is the incorporation of multiple current/voltage
terminals. This will be a topic of further study.

4. Experimental Section
Fabrication of VO2-Based Parallel-Bridge Devices: Epitaxial VO2 thin

films with an estimated nominal thickness of 11 nm were deposited on
single-crystal TiO2 (001) substrates using pulsed laser deposition (PLD)
from a polycrystalline V2O3 target.[8] The distance between the target and
sample was ≈45 mm. A KrF excimer laser (𝜆 = 248 nm, 20 ns pulse du-
ration) was used with an energy density of ≈1.3 J cm−2 and a pulse rep-
etition rate of 10 Hz. The growth temperature was 400 °C and the oxy-
gen background pressure was 10−2 mbar. After deposition, the samples
were cooled at 10 °C min−1 at the same oxygen pressure. X-ray diffrac-
tion (XRD) scans were performed to check the crystalline quality of the
film, and atomic force microscopy (AFM) scans were conducted in tap-
ping mode to study the surface topography. Representative XRD patterns
and AFM images could be found in the previous work.[20] The as-deposited
VO2 films were patterned into parallel bridges with photolithography and
Ar+ ion beam etching.[20] Two-terminal devices were fabricated with Ti
(4.5 nm)/Au (50 nm) contact pads via RF sputtering and lift-off.

Electrical Measurements: The switching characteristics of the VO2-
based parallel-bridge devices were investigated in a Janis cryogenic probe
station with a Keithley 4200A-SCS parameter analyzer applying voltage or
current sweeps at room temperature (T0 = 295 K), unless otherwise stated.
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Scanning Thermal Microscopy (SThM): SThM was performed using
an Asylum AFM and an SThM thermo-resistive probe (Pd on SiN from
Bruker). These SThM probes could correlate changes in their electrical re-
sistance with temperature variations in the tip (Rprobe ∝ Tprobe).[36] The
SThM probe was electrically connected to an external Wheatstone bridge
consisting of two fixed resistances (1 kΩ each), a potentiometer (Rpot), and
the resistance of the probe (Rprobe). SThM measurements were performed
in passive mode, with a 0.5 V set point and a 0.5 V tip bias. The potential
measured across the bridge (VSThM) allowed to determine accurately the
changes of the electrical resistance of the probe and, hence, temperature
variations on the surface of the device. The sample was coated with a 90-
nm-thick PMMA-A2 layer for the SThM scans, in order to protect the SThM
tip from electrical discharges while biasing the devices. During the SThM
scans, the device was biased at constant current bias values when the re-
sistance was settled. The current was ramped up toward a maximum at
which the entire device was fully switched to the low-resistance state. Af-
terward the current was ramped down back to 0 mA to reset the device.
To probe the amount and variation of the thermal background noise, a
scan with zero bias current was always performed prior to the first biased
SThM scan and after the last. To be noted, the thermal signal measured
from SThM could not be directly related to the surface temperature with-
out certain calibration steps,[28] but served as a qualitative indication of
the currents flowing in the bridges.
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