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Electronically Variable Optical Attenuator Enabled
by Self-Sensing in Vanadium Dioxide
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Abstract— A fully electronic variable optical attenuator in
the near-infrared region is reported. The observed attenuation
varied from 0 to 19.24 dB. The device is enabled by the
strong correlation between the electrical and optical properties
in vanadium dioxide thin films across its phase transition.
A self-sensing feedback approach is used to significantly reduce
the inherently hysteretic behavior of the film. The reduction of
the hysteresis, sensing the electrical resistance with respect to the
optical transmission, allowed for a relatively simple approach for
the modeling and control of the system.

Index Terms— Vanadium dioxide, variable optical
attenuator, self-sensing feedback, phase-change material,
hysteresis reduction.

I. INTRODUCTION

RECENTLY, vanadium dioxide (VO2) has received a lot
of attention by researchers from diverse fields due to

the material’s phase transition, during which many properties
change abruptly. The combination of this multifunctionality
with the relatively low transition temperature (∼68 °C) has
inspired the use of this material in many specific devices,
including temperature and optical sensors [1], [2] and micro-
electro-mechanical systems (MEMS) actuators [3], [4]. Two
of the material’s properties that show an abrupt change across
the phase transition are the optical transmissivity (particularly
for wavelengths in the range of ∼ 900 nm to ∼ 2500 nm) [5]
and the electrical resistance [6]. Recent studies suggest that
the change in these two properties comes as the result of the
first-order insulator-to-metal-transition (IMT) in VO2, which
is not driven by the structural phase transition (SPT) [7], [8].
Although the change of individual properties shows hysteresis,
the correlated nature of the optical and electrical properties
changes across the phase change in VO2 can be combined
to significantly reduce the hysteresis. This strong correlation
between the optical and electrical properties in VO2 during
the material’s IMT allows for the implementation of a self-
sensing mechanism that enables the development of devices
where the optical properties can be controlled by sensing
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the film’s resistance. This letter reports a VO2-based variable
optical attenuator (VOA) in the near-IR (NIR) region, which
is completely controlled by sensing the film’s resistance. The
functionality of the device is demonstrated by the variable
attenuation of the optical power output of an NIR laser beam
in free space. The fabrication of the device is very simple
and the implementation of the control system does not require
complex hysteresis compensation or inversion algorithms.

Optical attenuators, in visible and NIR wavelengths, are
widely used in optics, photonics and optical networks. The
most commonly known attenuators are used in free space,
while more complex designs are combined with optical
fibers in photonics and communication networks. They are
commercially available for a single optical density (OD),
meaning a single attenuation level. For multiple attenuation
values, a step variable or continuous variable attenuator with
manual control is used. Mechanical systems with motorized
stages are compatible with free space VOA to facilitate the
switching among the attenuation levels, but noise could be
introduced with the mechanical movement. Such devices have
limited OD ranges and are not offered with fully-electronic
control.

In the last decade, electronically controlled VOAs have
been developed to assist communication networks demands.
Devices with fast time response (∼30 μs) and dynamic range
of 25 dB are commercially available. These devices are
based on optoceramic materials (PMN-PT and PLZT) [9].
MEMS-based VOAs that are compatible with optical fibers
and electronically controlled have also been reported. Some
of them use micromirrors and reflective materials [10]–[12],
others are based on microfluidics [13], [14], and others are
assisted with piezoelectric materials [15]. Plasmonic-based
VOAs have also been investigated using waveguides [16]–[18].
More recently, an electronically controlled VOA based on
multilayered graphene operating at 785 nm was reported [19].
The main difference between the present device and previously
developed VOAs is the capability of electronic tunability for
NIR applications in free space.

II. EXPERIMENTAL PROCEDURES

Although the phase transition in VO2 has been demon-
strated to occur at ultrafast time scales, most of the current
VO2-based devices are operated by heating the material above
the transition temperature. The VO2-based VOA reported
in this letter was operated by conductive heating from a
Peltier heater. The device consists of a VO2 thin film with
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Fig. 1. Setup used for performing optical transmission and electrical resistance characterization of the VOA. The setup is also used for controlling the VOA
in closed-loop using the self-sensing technique.

coplanar electrodes. The VO2 thin film (200 nm thick) was
grown on single crystal quartz (SiO2) substrate (12 mm wide,
11 mm long, and 500 μm thick) by pulsed laser deposition
(PLD) at 600 °C. A KrF excimer laser was used with a
fluence of ∼2 J/cm2 at 10 Hz repetition rate on a vanadium
target. During VO2 deposition, the backside of the sample was
covered by a single crystal silicon wafer piece. This was done
to avoid the deposition of material residue on the backside
of the substrate, which was observed in previous depositions
and experimentally verified to have an impact on the optical
transmittance behavior of the sample. Also during deposition,
a shadow mask was used on the sample front side with a
5 mm opening, which allowed for the deposition of a VO2
rectangular patch that extended the substrate width of 12 mm.
The film was deposited for 30 min under 20 mTorr of oxygen
pressure. The deposition was followed with an annealing step
of 30 min at the same temperature and pressure conditions
used during deposition. After the VO2 deposition, the sample
was taken to a custom-built evaporator for the deposition of
aluminum, where another shadow mask was used to form the
two coplanar electrodes on the VO2 film. The device was then
mounted on a Peltier heater with a centered hole (Thorlabs,
TEC1.4-6). The inset on Fig. 1 shows the final assembly of
the device with the patterned VO2 centered on the heater.

The device was mounted in the electro-optical setup shown
in Fig. 1. A NIR diode laser with wavelength of 1.55 μm
and a spot size of ∼ 5 mm (Thorlabs, FPL1055T), an optical
power sensor (Thorlabs, S144C), and a power meter (Thorlabs,
PM100D) - all shown in Fig. 1 - were used for the optical
measurements. Before the experiments, it was necessary to
verify that the phase transition of the VO2 film was not induced
by the absorption of IR radiation coming from the laser. To this
end, the laser power was initially set at its minimum (12 mW).
Then, the power was increased to 150 mW and the spot size
reduced in order to increase the radiation intensity on the
sample, while the film was kept at room temperature and
its resistance was being monitored. No noticeable change in
resistance was measured in the process, which indicated that
the phase change was not being induced photothermally.

For the experiments, a laser power of 12 mW was used. The
electrical measurements were recorded using a data acquisition
system (National Instruments, cRIO), which was constantly
measuring the VO2’s resistance through connections to the
Al coplanar electrodes. A temperature controller (Thorlabs,
TED4015) was employed to control the Peliter heater and
trigger the material transition in the VO2. A computer interface
(using a virtual instrument in Labview software) was used to
monitor the output of the data acquisition system, the power
meter, and to input the temperature (for open-loop experi-
ments) or desired transmittance (for closed-loop experiments).

III. RESULTS AND DISCUSSION

The VO2 film was characterized by measuring its elec-
trical resistance and optical transmittance as a function of
temperature. Both measurements were done simultaneously,
as the temperature was varied. The film’s resistance across
the phase transition showed a drop of almost three orders of
magnitude; which evidences the good quality and orientation
of the film [see Fig. 2(a)]. Previously characterized films
grown under same conditions showed high orientation in the
(011) monoclinic planes at room temperature and an average
grain size of ∼ 50 nm. The drop in the optical transmission
across the phase transition was normalized using as reference
the transmissivity at room temperature (1.6 mW). After this
normalization the transmission drop was from 100% to 2%
[see Fig. 2(b)]. In terms of decibels, the attenuation increased
from 0 dB to 19.24 dB. This results in a dynamic range of
19.24 dB, which is comparable with the typical range of 25 dB
for commercially available VOAs.

It can be noticed that the widths of the resistance and
transmittance hysteretic curves are very similar. However, the
midpoints of the heating and cooling curves for the resistance
and transmission curves [labeled in Fig. 2(a) and (b)] are dif-
ferent. Perhaps the most intuitive explanation for this would be
the temperature gradient across the film and the different prob-
ing locations for both properties (i.e. electrical resistance and
optical transmittance) – the optical transmittance of the VO2
was measured at the center of the film, while the resistance
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Fig. 2. (a) Electrical characterization for VO2 thin film as function of
temperature. (b) Optical characterization of the VO2-based VOA for 1.55 μm.
(c) Transmission as a function of resistance and polynomial fit model. (d) Error
between the polynomial model and actual transmission percentage.

was measured across the film’s width through the coplanar
electrodes. However, it was verified that the difference in
temperature across the sample is only ∼1 °C, as measured
with a thermocouple. Furthermore, the temperature is lower
at the center of the sample (like it was measured previously
on a similar set-up [20]), and this would have resulted in TT s
greater than TRs, which is not what was observed.

Typically, the response of VO2-based devices, shows hys-
teretic behavior between the input (usually temperature) and
the output. However, if two strongly correlated properties
are used, the relationship between them shows significant
reduction of the hysteresis. Fig. 2(c) shows the plot of the
two different responses of the VO2 film (optical transmissivity
vs. electrical resistance). The largest separation between the
heating and cooling curves occurs at the 1 k�/20% region,
which corresponds to temperatures near the transition. This
separation is greatly influenced by the difference in the tran-
sition temperature for both properties. This nearly one-to-
one correspondence between electrical resistance and optical
transmittance allows for the implementation of a self-sensing
approach that would eliminate the need for complicated hys-
teresis compensation or inversion algorithms for controlling
the device.

A ninth order polynomial fit was used to model the
experimental data as shown in Fig. 2(c) by using the least
square method. The polynomial coefficients are shown in
Fig. 2(e). The error between the model and the measure-
ments of the actual transmission data was calculated in terms
of transmission percent. Fig. 2(d) shows a maximum error
of +/− 2%. The curve fit was used as feedback in the
implementation of a simple (yet, effective) closed-loop control
configuration. The complete system forms a fully electrically
tunable VO2-based VOA for NIR.

Fig. 3. Schematic representation of the closed-loop control system for the
VOA using self-sensing.

Fig. 4. (a) Step response for variable optical attenuator with self-sensing
feedback control. (b) Error calculation among the setpoint, measured and self-
sensing signals. The inset shows a smaller scale for the error (y-axis).

A proportional-integral (PI) controller configuration was
designed and implemented. The controller gain values were
determined from a set of performance specifications and
the system dynamics, which are dominated by the thermal
dynamics from the heater. Due to the relatively slow system
response, which is characterized by an open-loop time constant
of 18.5 s, the targeted response time for the closed-loop
controlled transmittance is 10 s. The same measurement setup
in Fig. 1 is used to perform the VOA closed-loop tests with
a configuration represented by the block diagram shown in
Fig. 3. The resistance of the VO2 (R) is sensed and used in the
model to calculate the correspondent transmission (Tc). This
value (Tc) is then compared with the desired transmission (Ts).
The error (E) goes to the PI, which controls the current (I ) that
is sent to the Peltier in order to change the temperature of the
sample, therefore controlling the transmission percentage (T ).

A sequence of input steps (Ts) was used to validate the
performance of the presented VOA in terms of transient and
steady state error. Fig. 4(a) shows the response of the system
to such sequence. The duration of each setpoint was 60 s.
An average error of 0.55% was calculated for the measured
transmission with respect to the setpoint in steady state. Also a
complete error range of +/− 2% is shown in Fig. 4(b), which
also shows switching noise. These results show the efficient
use of the self-sensing mechanism proposed in terms of
transient and steady state performance. Accurate transmittance
values were obtained using the self-sensing method proposed
considering the average error value.
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Fig. 5. (a) Sinusoidal response for a variable optical attenuator with self-
sensing feedback control during the VO2 transition. (b) Error between the
setpoint, measured and self-sensing signals.

Fig. 6. (a) Optical transition as a function of temperature. (b) Optical
transition as a function of resistance.

Fig. 5 shows the response to a sinusoidal input signal
consisting of the sum of three sinusoidal waveforms with
frequencies of 0.5 mHz, 1 mHz, and 5 mHz; all with an
amplitude of T = 44%. The model and the measured signal
followed the continuously changing setpoint with an average
error of 1.15%. The error range for the sinusoidal response
is shown in Fig. 5(b). This experiment demonstrates how
the significantly reduced hysteresis allows for the accurate
attenuation control of the VO2-based VOA device, even during
the transition region. The measured optical transmission from
Fig. 5 is also shown in Fig. 6(a) and (b) as a function of
temperature and resistance, respectively. It can be noticed
that the minor hysteretic curves are significantly reduced
in Fig. 6(b) due to the strong properties correlation of the
VO2 film.

IV. CONCLUSION

In summary, this letter presents the development of a VOA
for NIR wavelengths that is completely electrically tunable,
and which fundamental operation is based on the strong
correlation of the electrical and optical changes of VO2 across

its IMT. The main contribution is the demonstration of a
new VOA technology, which relies on the use of self-sensing
techniques to control the attenuation of VOAs on a feedback
configuration that also results in temperature stability. A highly
accurate closed-loop control of the attenuation is achieved
using the self-sensing technique shown, with average errors of
0.55% and 1.15% for steps and sinusoidal inputs, respectively.
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