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ABSTRACT: With advancements in infrared detection
technology, there is a need for fast, switchable infrared
camouflage. Here, we report an adaptive infrared camouflage
system that can be engineered to operate at any desired
wavelength in the technologically relevant, infrared trans-
parent 3−5 and 8−12 μm bands. Adaptive camouflage is
actuated by exploiting the semiconductor to metal phase
transition in VO2, which modifies the reflection spectra of the
multilayered cavity-coupled plasmonic system. The temper-
ature-dependent permittivity of VO2 is calculated using
effective medium theory to investigate its role in the optical
response of the system. Finally, we show for the first time
active thermal camouflage of multispectral infrared information that was encoded on a designer surface comprised of sub 20 μm
pixels. Our results demonstrate the versatility of the design, which can lead to future research and applications of high definition
adaptive infrared tagging, camouflaging, and anticounterfeiting efforts.
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Thermal management has increasingly become an integral
part of modern society with applications in the

automotive industry,1 space exploration,2 military, housing,3

surveillance,4 medicine,5 and so on. Most applications require
infrared detection in the 3−5 and 8−12 μm bands that are
transparent to infrared in the earth’s atmosphere. Thermal
camouflage is vital for technological advancements in infrared
tagging, camouflaging, and anticounterfeiting efforts.6,7 Recent
reports on adaptive infrared camouflage are based on thin films
or nanostructured polymers that modulate emission or
reflection by using thermochromic materials8,9 or manipulate
the diffractive properties of electrochromic10 surfaces.
However, they generally exhibit a change in optical response
across a wavelength range without any spectral selectivity.
Although previous studies11−13 have demonstrated adaptive
camouflage to certain extent which can be parametrized in
terms of cycle-ability, response time, actuation mechanism,
stability, and so on, one of the key components that has not
been addressed so far is the spatial density of infrared
information that can be encoded and actively manipulated for
camouflaging. Current microbolometer pixel sizes of sub 20
μm provide excellent spatial resolution for detectors; however,
similarly pixelated, spectrally selective surfaces with encoded
infrared information that can be adaptively camouflaged upon
actuation have not been realized.

In order to achieve adaptive camouflage with spectral
selectivity, a hybrid electro-optical or thermo-optical system is
necessary. It must constitute (i) an adaptive material that can
be actuated to trigger camouflage and (ii) an optical
component that can be tuned to operate at a desired
wavelength thereby enabling the multispectral aspect.14 Choice
of an adaptive material is determined by the actuation
mechanism, for example, electroactive polymers change shape
and surface area upon application of an external electric field,13

whereas, thermochromic materials like VO2
15 or Ge3Sb2Te6

(GST)16 exhibit changes in optical properties when thermally
driven past their phase transition temperatures. Electroactive
material or elastomer based systems rely on changes in their
physical dimension, which inherently introduces problems
such as slow response time, inability to locally control
dimension for pixelation, and need for extremely high
voltages13 (∼kV) to initiate actuation. Furthermore, the main
disadvantage in such systems is the low cycleability of less than
1000, which limits their viability for real-life applications.13,17

Electrochromic polymer-based systems offer poor spectral
selectivity and lack chemical stability unless maintained in an
inert medium.10,18 In other reports, GST has been used as the
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adaptive material where the optical properties were modulated
as the material underwent an amorphous to crystalline phase
transition19−21 at temperatures >433 K. GST alloys exhibit
high (∼430 K) and broad transition (20−30 K) temperatures
and are susceptible to heat-induced oxidation22,23 that need to
be overcome for practical applications.16 Considering the
above factors, VO2, a material that undergoes a thermally
induced ultrafast (10−9 s) semiconductor to metal transition
(SMT) at 340 K associated with low thermal hysteresis24,25

(5−8 K) and orders of magnitude change in resistivity, stands
out as a promising material for adaptive infrared opera-
tion.26−29 In addition, VO2 can be cycled over 106 times
without any degradation in the SMT behavior.30−32 Combin-
ing these exceptional properties of VO2 with an imprinted
plasmonic surface33 that can be engineered to exhibit localized
surface plasmon resonances (LSPR) at any desired operating
wavelength forms the platform of this work. We introduce a
multilayered cavity-coupled plasmonic system that can be

designed to operate at a given wavelength in the midwave
infrared (MWIR) and longwave infrared (LWIR) bands. First,
the operating principle of the system is discussed for an
arbitrarily chosen surface where the SMT driven changes in the
complex permittivity of VO2 are modeled using effective
medium theory to describe the temperature-dependent optical
response. The phase transition induced change in VO2
permittivity drastically alters the infrared resonance of the
cavity coupled plasmonic system by switching the effective
cavity thickness. Later, we tailor the device parameters to
demonstrate adaptive camouflage of encoded infrared
information on a pixelated surface.
Figure 1a illustrates the dynamically tunable cavity coupled

absorber architecture, which consists of a complementary gold
hole/disk array, a trilayered cavity spacer and a reflective back
mirror. The trilayered cavity spacer comprises of a layer of
SiO2, VO2, and a polymer that can be imprinted upon to form
the top hole/disk array. The design consists of a square array

Figure 1. Cavity-coupled tunable plasmonic system. (a) Schematic illustration of the plasmonic system with tunable cavity length. (b) FDTD
simulated cross-sectional electric field profile at respective fundamental resonance wavelengths in the semiconducting (left) and metallic (right)
states of VO2. Solid lines show the location of mirror (yellow), SiO2 (purple), and VO2 (red) layers. Hole and disk are marked by white dashed
lines.

Figure 2. Phase transition induced tunable absorption. (a) Measured and FDTD simulated spectra are shown in solid and dashed lines,
respectively. (b) Measured absorption as a function of temperature. FDTD simulations for calculating absorption using (c) Maxwell Garnett and
(d) Bruggeman effective medium models.
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of gold nanodisk that is separated from its complementary gold
nanohole array (perforated gold film) by the relief depth (RD)
of the structure. Depending on the phase of the VO2 layer, the
cavity length changes from LS in its semiconducting state to LM
in the metallic state. This can be visualized from the electric
field profiles of the absorber obtained by performing finite
difference time domain (FDTD) simulations, as shown in
Figure 1b. In the simulations, parameters such as RD, period,
and hole diameter for the square array were set to 380, 740,
and 540 nm, respectively. The optical constants of VO2 in the
semiconducting and metallic states were obtained from
previous reports.3435 The thickness of SiO2, VO2, and SU-8
layers were set at 200, 150, and 1350 nm, respectively. Figure
2a compares the FDTD predicted and experimentally
measured absorption spectra for the two states of VO2. In
both the semiconducting and metallic states, we observe the
characteristic fundamental Fabry−Perot assisted localized
surface plasmon resonances known as hybrid plasmon33,36

and their higher orders. Figure 1b compares the electric field
profiles of the absorber at the respective fundamental
resonance wavelengths of 6.3 μm in the semiconducting state
and 5.2 μm in the metallic state. As indicated the cavity length
shortens by almost the sum of the VO2 and SiO2 layer
thicknesses which triggers a spectral red shift of ∼1.5 μm in the
fundamental resonance modes as the VO2 layer undergoes a
phase transition from semiconductor to reflective metal.
In order to experimentally validate the FDTD simulations, it

was imperative to deposit high quality VO2 films that exhibit
sharp SMT associated with narrow thermal hysteresis. While
the optical constants used for the simulations were extracted
from single crystalline VO2, they adequately describe the
optical behavior of the deposited polycrystalline films. The
agreement between the experimentally measured optical
spectra in the semiconducting (293 K) and metallic (360 K)
states overlaid on the FDTD curves in Figure 2a confirms the
high quality of the fabricated samples. From a fundamental
aspect, it is intriguing to understand the evolution of the
optical properties of the complex absorber structure as a
function of temperature. The absorption spectra recorded at

regular temperature intervals are shown in Figure 2b. As the
temperature is increased from 290 to 330 K, there is a gradual
decrease along with a slight red shift in the absorption peaks.
Above 330 K, there is a sudden blue shift in the fundamental
and second order absorption peaks as the VO2 layer undergoes
the SMT associated with increase in the metallic volume
fraction. Since the surface plasmons on the disk array are
excited by the Fabry−Perot modes of the cavity, decrease in
the cavity length gives rise to the blue shift in LSPR. When the
system temperature is further increased, the metallic volume
fraction increases as seen from the intensity rise in the
absorption peaks before stabilizing around 360 K. In its fully
metallic state, the VO2 layer behaves as a mirror to infrared
light and isolates the rest of the cavity and gold mirror from the
optical path.
It is evident from the experimental data (Figure 2a) that the

sharp phase transition in VO2 induces a sudden change in
cavity length resulting in the tunable optical response. In the
intermediate temperatures the optical path length of the cavity
depends on the temperature-dependent permittivity of VO2.
Using effective medium models, the optical constants for a
given phase composition, that is, metallic fill fraction within the
semiconducting matrix of VO2 can be calculated.37 Two
variations of the effect medium theory (EMT), namely, the
Maxwell Garnett (eq 1) and Bruggeman EMT (eq 2) were
used to calculate the temperature-dependent dielectric
functions of VO2:

ε ε ε ε ε ε= [{ + − − } { + + − }]f f f f(1 2 ) (2 2) / (2 ) (1 )MG s m s s m

(1)

ε ε ε

ε ε ε ε

= { − + −

+ { − + − } + }

f f

f f

1
4

(2 3 ) (3 1)

(2 3 ) (3 1) 8

BR s m

s m
2

s m (2)

Here, εs and εm are the complex permittivity for the
semiconducting (290 K) and metallic (360 K) states of VO2
and f corresponds to the fill fraction of the metallic phase. The
dispersion in the calculated permittivity values using the two
EMTs show significant differences in the 2−16 μm range

Figure 3. Tunable optical cavity. (a) Schematic of the plasmonic device with hexagonal array of period = 4 μm and diameter = 1.64 μm and the
corresponding cross-section scanning electron microscope image of the fabricated device is shown in (c). (b) FDTD simulated reflectance as a
function of SiO2 spacer thickness in 6−16 μm range for semiconducting and metallic states of VO2 and (d) measured spectra of two devices with
different SiO2 spacer thicknesses in semiconducting (solid lines) and metallic (dashed lines) states.
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(Figure S2). Thereafter, the calculated dielectric function were
applied to perform FDTD simulations of the entire absorber
stack in order to compare which EMT provides a better
agreement with the experimental results. Figure 2c,d shows the
temperature-dependent evolution of absorption as obtained
from the Maxwell-Garnett and Bruggeman EMTs, respectively.
FDTD absorption for specific metal fill fraction were mapped
to its corresponding temperature by fitting a Boltzman
function to the experimental resistance versus temperature
curve measured while warming.37 The transition temperature
and width were used as variables for the best fit. While both
EMTs are in good agreement with the experimental curves in
the vicinity of the semiconducting and metallic states, they
evolve differently around the phase transition at 340 K. In the
temperature range of 315 to 340 K, the Maxwell Garnett EMT
models the experimentally observed phase transition better
compared to the Bruggeman EMT. As the sample is heated,
immediately before the SMT, the metallic fill fraction is ∼0.1;
however, with a further rise in temperature, the metallic grain
size increases and the percolation threshold (>0.4) is reached
where the effective permittivity diverges.34 At the percolation
point, according to the Bruggeman EMT, macroscopic
conductive paths develop that impact the electrical and optical
conductivity. Therefore, while the Bruggeman EMT may be
applicable to interpret experiments with electrical contacts, it
fails to explain the VO2 permittivity for experiments that are
contact-free34,37 and essentially do not allow any charge flow as
in the present study.
So far the optical response of the absorber for an arbitrarily

chosen plasmonic crystal pattern and cavity thickness has been
investigated. As mentioned earlier, the device architecture
allows for one to control the extent of cavity length tunability
which is determined by the thickness of the SiO2 layer. The
design parameters can be optimized to achieve infrared
absorption at any desired wavelength. Here, shown is a
similarly stacked device that has been designed to absorb light
in the 8−14 μm band when the VO2 layer is semiconducting.
Upon heating past the SMT, the device behaves as a reflector.
To demonstrate the versatility of the design, hexagonal array of
hole and disk are chosen as the gold plasmonic pattern instead
of the previously demonstrated square array. Figure 3a shows
the schematic of the device with optimized parameters
obtained by sweeping over period and hole diameter in
FDTD simulations. For the given P = 4 μm and D = 1.64 μm,
the SiO2 layer thickness was varied from 0−3 μm to study its
effect on the device. In the semiconducting state of VO2, the
device absorbs light in the 8−14 μm band with the
fundamental cavity resonance in the vicinity of 8 μm. Note
that in the optimized device design (Figure 3c), the SU-8 layer
is just 50 nm thicker than the relief depth of 380 nm, which
means that when VO2 is metallic, the effective cavity length is
remarkably shortened. In this condition, no Fabry−Perot
modes are sustained and the device reflects about 80% light
(Figure 3b) almost uniformly across the band.
To verify the simulated results, two devices with SiO2 layer

thickness of 200 and 1000 nm were fabricated. The
subwavelength hole/disk pattern was formed using a
combination of direct laser writing (DLW) and nanoimprint
lithography (NIL) where master patterns were made by DLW
and then replicated following NIL. Figure 3c shows the cross
section scanning electron micrograph of the device with 200
nm SiO2 spacer layer. Constituent layers of the device can be
distinctly identified without any interlayer mixing thereby

ascertaining the high quality of the device stack. The
corresponding FTIR absorption spectra of the device in both
semiconducting and metallic states of VO2 are shown in Figure
3d. Consistent with the FDTD results, at 293 K, a single
absorption peak ∼7.5 μm is observed that vanishes when the
sample is heated to 360 K. Similar agreements between FDTD
and experiment are seen for the device with 1 μm thick SiO2
spacer layer. At their respective absorption peak locations, both
devices demonstrated over 45% modulation in reflected
intensity.
The device with 1 μm thick spacer layer is of particular

interest as it exhibits intensity modulation at the edge of the
technologically relevant, infrared transparent 8−14 μm band.
FDTD simulations reveal that by simply increasing the hole
diameter while keeping the period constant at 4 μm, it is
possible to tune the absorption location across the band.
Furthermore, irrespective of the hole-diameter size, the
reflectance (>80%) is found to be uniform across the band
for metallic VO2. Figure 4a right shows the reflectance spectra

for different hole diameters where a red shift is observed as the
diameter is increased. This spectral tunability opens up the
prospect of tunable multispectral operation on a pixelated
surface such that each pixel is selectively sensitive to a
wavelength of our choice. Individual pixels can be made in
compliance with the industry standard pixel size of sub 20 μm
on a surface where reflectance from each pixel can be resolved
by an infrared camera. To demonstrate this, we encoded Albert
Einstein’s image onto a designer imprinted surface that

Figure 4. Tunable images with encoded infrared data. (a) Left: Top-
view scanning electron microscope images showing the hole diameters
(in μm) of the fabricated plasmonic systems; Right: Top and bottom
show FDTD simulated spectra for different hole diameters in
semiconducting and metallic states of VO2. Scale bar corresponds
to 2 μm. Infrared transparent 8−14 μm band is shaded. FTIR scan
generated images of the plasmonic surface acquired for (b)
semiconducting (T = 295 K), (c) phase-separated (T = 320 K),
and (d) metallic (T = 360 K) states of VO2. Albert Einstein image is
1.3 × 1.7 mm2.
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functions as follows. The greyscale values of the image in
visible domain are mapped to hole diameters of the absorber
that encompass absorption across the 8−14 μm band.
Therefore, it is possible to convey information from the
visible to the infrared domain by designating false infrared
“color” to each pixel based on the corresponding greyscale
values of the visible image. The encoded image of Albert
Einstein (see Figure S3) was fabricated using a combination of
DLW and NIL as explained above. Figure 4a, left, shows the
SEM images of the fabricated surface with different hole
diameters that correspond to the absorption spectra, as shown
in Figure 4a, right. The DLW technique resulted in ellipse
shaped holes instead of perfect circles. Its effect on the optical
response of the device is shown in Figure S4. Hyperspectral
imaging of this infrared encoded image was done using a MCT
detector attached to a FTIR. The sample was mounted on an
automated stage with in-plane translational capability. The
FTIR spectrum for a single pixel was acquired at room
temperature before translating to the adjacent pixel by a step of
12 μm. The acquired spectra for respective pixels were
analyzed to obtain the infrared coded Albert Einstein image, as
shown in Figure 4b. This clearly demonstrates the transfer of
information from the visible to LWIR domain. Finally, we
demonstrate that by heating the sample, at T = 320 K, the
image quality (Figure 4c) deteriorates when the absorption
peak for respective hole diameters become less pronounced.
Heating past the phase transition temperature of VO2, at T =
360 K, as the reflection from all the pixels simultaneously
flatten to about 80%, the encoded information is successfully
camouflaged (Figure 4d). It is evident that Albert Einstein’s
image seamlessly blends into the background. A surface
contamination (appears blue) was present on the top left
corner of the image that remained unaffected throughout the
experiment. The information can be recovered and camou-
flaged as desired by simply cycling through the phase transition
in VO2.
The power consumption for thermally cycling the device is

estimated to be 1.275 mW/mm2, which equates to a net
consumption of 2.8 mW for the 1.3 × 1.7 mm2 Albert Einstein
image. Although the power requirement for our devices is less
compared to previously reported VO2-based systems,11 we
speculate that the power consumption can be further reduced
by inducing the SMT with an electric field instead of thermal
cycling. The present device architecture can be modified by
sandwiching the VO2 layer between two transparent
conducting oxides (TCO) layers. Therefore, an electric
field32 of ∼25 kV/cm or a voltage above a certain threshold
value38,39 can be applied across the TCO (40 nm)/VO2(150
nm)/TCO(40 nm) structure to induce the SMT in VO2 and,
hence, modulate the reflection spectra. This would reduce the
net power consumption for the operation. Furthermore,
electric field or current induced SMT in VO2 has been
reported to occur in the time scale of microseconds,32 which
would enable ultrafast infrared camouflage operation. We
envision that the framework of this architecture can be
combined with other patterns such as various metallic
gratings,40 2D materials,41,42 and so on, thereby paving the
way for novel tunable optical devices in the infrared domain.
In conclusion, we take advantage of the SMT in VO2 to

design an optical cavity coupled infrared absorber where the
cavity length can be altered by controlling the VO2 phase.
Cavity tuning is done by strategically placing the VO2 layer
inside the optical cavity that is composed of a trilayer

architecture. In its semiconducting state VO2 is transparent
to infrared such that incident light couples to the entire cavity
length, however in the metallic state, VO2 behaves like a mirror
and shortens the cavity length by isolating the SiO2 layer from
the system. The temperature-dependent permittivity of VO2 is
calculated using two effective medium models by accounting
for the semiconductor/metal phase coexistence. The analysis
reveals that the Maxwell Garnett EMT describes the phase
transition dependent optical response of the absorber better
than the Bruggeman EMT when compared to the experimental
results. We show that the optical response of the system can be
controlled by tweaking the design of the plasmonic crystal, that
is, hole/disk diameter and periodicity. In addition, the relative
thicknesses of the constituent layers in the optical cavity can be
optimized to tailor the infrared response of the system between
the two states of VO2. Finally, multispectral operation of the
system is demonstrated, where active infrared information
camouflage is achieved by heating VO2 across the SMT. We
demonstrate this by actively controlling the reflection from a
device which has the image of Albert Einstein encoded on its
pixelated surface with a pixel resolution and density
comparable to the industry standard for infrared cameras
which can be further reduced as needed. The versatile design
allows operation in any domain from MWIR to LWIR with
proper choice of the device parameters, which makes it viable
for a plethora of applications in high definition adaptive
infrared tagging, camouflaging, and anticounterfeiting efforts.

■ EXPERIMENTAL SECTION
VO2 Film Deposition. VO2 films were deposited by

reactive RF magnetron sputtering using a 99.99% purity
vanadium metal target. The VO2 films were deposited at 400
°C in a gas mixture of Ar + O2 and pressure of 10 mTorr in an
AJA system. The oxygen partial pressure was varied from 2 to
5%. The optimally deposited VO2 film (thickness 150 nm) on
an Al2O3 substrate exhibited a 4 orders of magnitude change in
resistance at the SMT temperature of 343 K (Figure S1). In
addition, the reflectance spectra of the VO2 film measured at
293 and 360 K showed excellent agreement with FDTD
simulation (Figure S1).

Device Fabrication. The entire absorber fabrication
involved the following steps. The Au mirror and SiO2 layers
were successively electron beam evaporated, followed by
deposition of the VO2 layer. Subsequently, a layer of SU-8 was
spun-coated and nanoimprint lithography was done to form
the coupled hole-disk metasurface that was coated with a 30
nm Au film to complete the structure. The Albert Einstein
image was fabricated by direct laser lithography, which is
known as a versatile technique to create custom patterns with
submicron resolution. However, writing parameters are
susceptible to reflectance from the substrate and therefore
must be optimized for each sample. This poses a concern
about reliability and throughput over several samples. To avoid
this, an imprint master was created by laser writing on a
photoresist (S1813, Shipley) that was spun coated on a glass
slide. The hole diameters were varied by increasing the beam
intensity during the laser write process and the pixel size was
fixed to 12 μm.The laser written master was then used to make
PDMS stamps that were used to transfer the pattern on our
device stack by nanoimprint lithography.43−45 Therefore, a
single master made by laser lithography can be used to make
stamps that, in turn, can be used to create several imprinted
surfaces on any substrate.
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Measurements. All optical and electrical measurements
were performed under UHV conditions using a Janis ST-100
optical cryostat that was integrated into a Bruker vertex 80
FTIR.
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