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ABSTRACT: Biological nervous systems rely on the coordination of
billions of neurons with complex, dynamic connectivity to enable the
ability to process information and form memories. In turn, artificial
intelligence and neuromorphic computing platforms have sought to
mimic biological cognition through software-based neural networks
and hardware demonstrations utilizing memristive circuitry with fixed
dynamics. To incorporate the advantages of tunable dynamic software
implementations of neural networks into hardware, we develop a
proof-of-concept artificial synapse with adaptable resistivity. This
synapse leverages the photothermally induced local phase transition of
VO2 thin films by temporally modulated laser pulses. Such a process
quickly modifies the conductivity of the film site-selectively by a factor
of 500 to “activate” these neurons and store “memory” by applying
varying bias voltages to induce self-sustained Joule heating between electrodes after activation with a laser. These synapses are
demonstrated to undergo a complete heating and cooling cycle in less than 120 ns.
KEYWORDS: neuromorphic devices, vanadium dioxide, artificial neural networks, photothermal electronics

Biological nervous systems are a marvel of complexity and
efficiency, enabling organisms to perceive their environ-

ment, process sensory information, and make complex
decisions in real time.1 Among its remarkable feats, the ability
to process visual stimulus and rapidly generate appropriate
responses stands out as a testament to the brain’s incredible
computational power. The visual system effortlessly handles an
enormous volume of visual data, recognizing objects, detecting
motion, and extracting meaningful patterns.2−5

It has been a longstanding aspiration to replicate these
sophisticated decision-making capabilities in artificial sys-
tems.6−8 Indeed, the pursuit of replicating human thought
processes has been a driving force behind the advancements in
artificial intelligence.9 Software-based approaches have gar-
nered incredible success in recent years in the fields of
computer vision, natural language processing, and problem
solving.10−13 However, the growing demand for lower latency
and increasingly complex function has spurred interest in
alternative approaches that emulate neuromorphic function at
the hardware level.14−19 Of these, vanadium dioxide (VO2)
based memristors and oscillatory neural networks have
attracted increasing interest.17,20,21

VO2 is a phase change material that experiences a rapid
metal−insulator transition (MIT) that can be driven by
external stimuli such as heat,22,23 strain,24 and photo-
excitation.25,26 During this phase transition, VO2 experiences
a drastic change in both its electrical conductivity and optical
absorptivity that is reversible upon the removal of a

stimulus.27−29 Conveniently, the MIT of VO2 thin films occurs
at relatively low temperatures (Tc ≈ 340 K). Typically, VO2-
based devices rely on Joule heating to modulate their resistivity
for device functionality.30

We present an approach utilizing both optical excitation and
Joule heating to modulate the resistivity of a VO2 electrode for
fabricating an artificial synapse. This approach takes advantage
of the unique and synergistic optical and electronic properties
of VO2. Not only can the temperature changes required to fully
modulate VO2 across its MIT be accessed by relatively low-
intensity laser excitation but also laser irradiation could
potentially locally control the phase of VO2 at ultrafast
speeds.25,26 These benefits pave the way to create lower latency
devices and sensors that have additional control parameters
and with direct relevance for vision-related applications.
We identify and experimentally demonstrate three notable

“neuromorphic” functionalities in our device. First, we suggest
that VO2 exhibits a nonlinear thresholding behavior that can
produce adaptable and seemingly binarized outputs in a
voltage divider circuit based on the application of sufficient
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heat from a laser and subsequent Joule heating of the partially
heated film between electrodes. Second, our observations
indicate the presence of “memory” effects when varying biasing
voltages are applied. These effects are manifested as the
synaptic circuit remains in an “on” state even after the removal
of the laser stimulus, highlighting the ability to retain
information. Lastly, we show that these artificial synapses can
react to thermal impulses in less than 120 ns for 10 μm
channels.
Our strategy for developing artificial synapses leverages the

nonlinear resistivity of VO2 as it undergoes its metal−insulator
transition. During the phase transition, the lattice symmetry of
VO2 changes from a monoclinic phase to a rutile phase in a
metallic state with an ∼500-fold change in resistivity.31 We
utilize two complementary heating methods: selective laser
heating of a VO2 film positioned between two electrodes and
Joule heating induced by the current flowing through the same
electrodes. These heating mechanisms exhibit intricate

interdependence, whereby laser heating alters the temper-
ature-dependent resistivity of VO2, resulting in an increased
current flow, while the temperature dependence of the optical
properties of VO2 modifies its effective absorptivity. At time
scales >10 ns that are explored in this paper, laser-induced
phase transitions can be considered purely thermal in nature.
We first measure the resistivity of a 150 nm VO2 thin film on

a c-cut sapphire substrate. Information on the preparation of
the thin film as well as the resistivity measurements are
described in Materials and Methods). These measurements,
shown in Figure 1A, agree with resistivity measurements found
elsewhere in the literature for VO2. Over the course of heating
the film from 297 to 374 K the resistivity of the film decreases
from 1.2 Ω cm to 2.58 × 10−3 Ω cm with mild hysteresis as it is
cooled back to ambient temperature.
By inserting this resistivity curve as a variable resistor

element in a voltage divider with a normalized output, we
observe an s-shaped response with respect to temperature.

Figure 1. Nonlinear thresholding behavior. (A) Resistivity measurements of 150 nm thick VO2 thin films on sapphire substrate. The resistivity of
the VO2 film changes by almost 3 orders of magnitude from ambient conditions (297 K) to 374 K as the film reorders from a monoclinic phase to a
rutile phase. The resistivity exhibits a mild hysteresis in resistivity from heating to cooling. (B) By employing the VO2 as a variable resistor in a
simple voltage divider circuit we observe a sigmoidal response. We liken this response to sigmoidal activation functions commonly used for neural
network and deep learning applications. The response of the VO2 voltage divider circuit (red) is shown in comparison to sigmoid functions with
steepness parameters between 0.33 and 3 (green).

Figure 2. Memory effect simulations. (A) Model of electrodes on VO2 film and heating elements. A laser can apply variable power to the VO2 to
generate heat on the surface while voltage can be applied across the electrodes to induce Joule heating. An aluminum heat sink is attached to better
dissipate heat. (B) Without an applied bias voltage, a focused beam with intensity of 500 kW/cm2 is only able to partially heat (∼323 K) the VO2
film. (C) By applying a voltage across the electrodes, the partially heated film is conductive enough to induce substantial Joule heating that in turn
raises the film temperature (370 K) until it reaches a steady-state temperature. (D) If the applied voltage is sufficient, the Joule heating in the
conductive film is substantial enough for that to remain relatively conductive (E) whereas lower bias voltages are unable to sustain the necessary
temperature to remain conductive and the VO2 reverts to an insulating phase.
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This analysis reveals that the response of this circuit exhibits
remarkable similarity to sigmoid curves (see Figure 1B) of the
form

=
+

f x
e

( )
1

1 kx (1)

and observe a best fit with a steepness parameter, k, of
approximately 1.5. This result suggests that a thermally
modulated VO2 synaptic circuit can function as a hardware
analogue to neural network activation functions. Thus, it is
crucial to understand how to control the temperature within
the film to effectively modulate its resistivity.
We pattern two 200 nm thick 15 μm × 15 μm Cr/Au

electrodes spaced 10 μm apart onto the surface of the VO2
(see Figure 2A) to apply a biasing voltage across electrodes
and configure an artificial synapse that is activated by
application of light between the electrodes. We can express
the temperature across this synapse using a heat diffusion
equation of the form

= · +

+

C T
T
t

k T T Q x y z T t

Q x y z V T t

( ) ( ( ) ) ( , , , , )

( , , , , , )

p abs

gen (2)

where ρ, Cp, K, and T represent density, specific heat, thermal
conductivity, and temperature, respectively. Qabs represents the
volumetric energy intensity absorbed by the laser as a function
of depth

= × | |Q x y z T t T I x y t e( , , , , ) ( ( )) ( , , ) z
abs (3)

where α is the absorptivity as a function of temperature, I is the
intensity of the impinging laser beam, and γ is the absorption
coefficient. Qgen in turn can be understood as the volumetric
heat generation from Joule heating ∝Vr(T) between electrodes
as a function of the temperature in the synapse and applied
bias voltage. Given that the resistivity and optical absorptivity
are highly temperature dependent, these equations are
nonlinear and can only be solved numerically.
To better understand temperature modulation dynamics

across the synapse, we conduct time-dependent finite element
analysis (details are given in the Supporting Information).

The results of these studies after 10 ms of simulated time are
shown in Figure 2B−E. Upon laser heating with an intensity of
500 kW/cm2 (Figure 2B) the VO2 film is partially heated such
that it becomes more conductive but does not fully undergo a
transition into its conductive rutile phase. By applying a 10 V
potential across the electrodes (Figure 2C), Joule heating
substantially raises the temperature across the electrodes to the
minimum observed resistivity from our measurements in
Figure 1A. Interestingly, by then removing the laser (Figure
2D), the Joule heating in the heated, conductive film is able to
reach a steady-state temperature beyond the MIT temperature
and the synapse remains “on” as the temperature and resistivity
of the film marginally decreases. We ascribe this to a “memory”
effect. If the bias voltage is not sufficient (Figure 2E), Joule
heating is not able to sustain a temperature for the film to
remain conductive. We note that by itself, the Joule heating
from bias voltages below ∼17 V from an unheated film is
unable to reach the MIT temperatures because the initial
conductivity is low. This highlights the inherent nonlinear
thresholding arising from the duality of laser and Joule heating.
Following these simulation results, we performed physical

measurements on our device, to validate and further investigate
its actual behavior. To understand the necessary laser
intensities to activate the synaptic circuit, we first applied a 5
V DC bias across the electrodes and varied the applied
intensity of laser pulses (Figure 3A). We observe that at lower
laser intensities (<320 kW/cm2), the resistance across the
electrodes plateaus across time to values within an order of
magnitude of the original resistance. However, when applying a
360 kW/cm2 pulse, we initially observe a similar plateauing at
lower power intensities, followed by an abrupt change in
resistance to ∼200 Ω. Likewise, when applying higher intensity
pulses (400 kW/cm2), the synapses reach resistances of around
200 Ω within 1 ms.
Figure 3B depicts the threshold laser intensities necessary to

activate within 1 ms for different bias voltages (green region).
There is a decreasing trend of threshold intensity for increasing
bias voltage as Joule heating contributes more heat at higher
bias voltages. In the low bias voltage regime (<5 V) laser
heating can actively modulate the resistance between electro-
des, but the Joule heating is unable to sustain the necessary
temperature to produce the “memory” effects discussed

Figure 3. Memory effect. (A) Resistance between electrodes as a function of time by applying 50 ms pulses of 532 nm light of varying intensities.
Above 360 kW/cm2 the film is nearly instantaneously activated. (B) The thresholding laser intensity is explored for varying applied bias voltages.
For bias voltages between 5 and 17 V (green region), a memory effect, described in Figure 3 is observed, and for bias voltages below 5 V there is
still laser modulation of resistance based on the applied laser intensity (yellow region). However, above 17 V the synaptic circuit is activated
without application of laser pulses (red region). (C) Resistance as a function of laser power and bias voltages measured from 1 to 5 V. The inset
shows the steady-state resistance for different bias voltages measured at maximum applied laser intensity.
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previously (yellow region). In the range of 5−17 V, the
memory effects are observed, and beyond 17 V, the electrodes
are activated without any stimulus from the laser pulse (red
region). More precise measurements of the resistance as a
function of laser power for different bias voltages are shown in
Figure 3C. In this case, sharp drops in the resistance are
observed between electrodes from only minor increases in
applied laser intensity. The inset in Figure 3C highlights the
steady-state resistance as a function of bias voltage, where a
minimum resistance of ∼37 Ω is measured at bias voltages >9
V.
To understand the thermal response behavior within a

submicrosecond time regime, we first apply a 7 ns fwhm 532
nm pulse with ∼10 mJ/cm2 fluence that was found to be
slightly above the threshold fluence to activate the synapse.
The time-dependent resistivity change from this pulse with 5 V
bias is recorded in Figure 4A. These data elucidate the
transient behavior of the synapse. The response is marked by
rapid thermalization during the duration of the pulse, followed
by the onset of Joule heating after approximately 16 ns from
the start of the pulse. The synapse reaches its minimum
resistivity after 30 ns and subsequently begins cooling back to
ambient temperature as the Joule heating is unable to sustain
itself. The cycle of heating and cooling to ambient takes a
minimum of 120 ns, although we expect to be able to tailor this
by using substrates with differing thermal conductivities and
contact resistances.
Moreover, we employ an electro-optical modulator (EOM)

to modulate a continuous wave (CW) beam, aiming to rapidly
activate and reactivate the synaptic circuit. The utilization of
the EOM allows precise manipulation of laser power at
kilohertz pulse frequencies that we investigate. We aim to
demonstrate the synapse’s ability to generate “spikes” with
tailorable rise times and shapes that could be used to encode
information in neuromorphic computing models by controlling
parameters in the synaptic circuit. Considering that spike
encoding offers an efficient method for representing temporal
information, it holds potential for real-time sensory processing,
pattern recognition, and information transmission applications.
Using the same voltage divider circuit as displayed in Figure

4A, we first measure the voltage response from periodic 20
kHz laser excitation with base laser intensity of 400 kW/cm2

(Figure 4B). The synapse is shown to reproduce consistently

shaped pulses across time. The extent of the heat-affected zone
into the substrate is approximately proportional to t , where
α is the thermal diffusivity of the substrate. In this case, the
heat-affected zone corresponding to the microsecond pulse is
significantly larger than the corresponding heating from the
nanosecond pulse, leading to longer microsecond-regime
cooling times. Figure 4C compares the voltage response of a
single spike from a base of 400 kW/cm2 to a 450 kW/cm2

pulse at the same frequency. These results show that the rise
time of the pulse from the onset of laser heating can be
shortened by applying higher intensity pulses. Figure 4D shows
the effect of increasing the pulse frequency on the shape of the
voltage spikes for a beam of the same base intensity. Beyond
∼40 kHz pulse frequency, the spike loses its dynamic range
and produces sawtooth-like responses as the VO2 film no
longer fully undergoes MIT. Likewise, these higher frequency
pulses experience heat accumulation effects over time where
the minimum resistivity across pulses is lower than for lower
frequency pulses. The corresponding resistivity curves of these
pulses are shown in Figure S4.
Our study presents an approach for developing an artificial

neuromorphic synapse that offers a wide dynamic range of
resistivities through the application of varying intensities of
light and bias voltages. We have demonstrated three distinct
“neuromorphic” functionalities of this circuit including binary
thresholding, memory, and spike encoding. Moreover, we have
characterized the circuit’s electrical response to varying applied
laser intensities, bias voltages, and pulse frequencies. Our
results suggest that these synapses can be thermally activated
by a laser in under 35 ns and retain memory at bias voltages as
low as 5 V. We have shown that information can be effectively
encoded as unique “spikes” possessing different shapes and
attributes based on the duration and intensity of the applied
laser pulse. There is still considerable room to design practical
sensing and computing devices and explore the possibility of
making rewireable circuits using spatially modulated light
between sets of electrodes as well as making more favorable
substrates and device geometries.

Materials and Methods. The 150 nm VO2 thin films were
grown on c-cut sapphire substrates using pulsed laser
deposition (PLD) with a 248 nm KrF excimer laser. The
laser energy was set to be 321 mJ with 10 Hz pulse frequency.
Thin films were deposited in a 5 mTorr O2 environment at 485

Figure 4. Spiking behavior. (A) Voltage response of the synaptic circuit (red) from excitation from a 7 ns laser pulse (green). Voltage output is
converted into a corresponding resistance value shown in the top right. (B) Voltage “spikes” in the synaptic circuit from periodic microsecond laser
excitation at 400 kW/cm2 with a constant 5 V applied bias voltage (green). (C) By increasing the power of the laser pulse, the spike is seen to
activate more quickly (red). (D) Comparison of voltage responses from a 20 kHz pulse and a 40 kHz pulse (purple). In the latter case, we see an
incomplete metal−insulator transition within each pulse.
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°C for 20 min. Subsequently, a postdeposition annealing
process was performed in the same 5 mTorr O2 environment
at 485 °C for 20 min.
AZ MIR701 photoresist was patterned onto a 1 cm × 1 cm,

150 nm thick VO2 thin film using standard single-layer
photolithography processes shown in Figure S1. Afterward a
200 nm thick Cr/Au layer was deposited as an electrode. A
variety of electrode geometries were patterned to determine
optimal electrode spacing and path lengths. The chip was
attached to a 2 mm thick piece of aluminum by silver thermal
paste to act as a heat sink.
The temperature dependence of resistance on the VO2 film

was measured using a Miller FPP-5000 four-point measure-
ment probe and controlling the temperature by a thin Peltier
heater/cooler. The temperature was measured using a k-type
thermocouple and cycled between room temperature and 375
K at a rate of 25 K/min with a PID controller.
The experimental setup is shown in Figure S2. A CW or

nanosecond laser beam is first linearly polarized and travels
through an EOM to change polarization. The output beam
travels through a polarized beam splitter to modulate power.
One arm of the beam serves to measure power, which is used
to calibrate the power of the forward beam. The beam is
ultimately focused onto a Mitutoyo 10× objective onto a chip
carrier containing an array of synapses. The terminals of this
chip carrier are then routed to either a Keithley 2401 source
measurement for measurements with >1 ms measurement
intervals unit or an oscilloscope for submillisecond resistance
measurements.
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