
FULL PAPER

1800599 (1 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmattechnol.de

A Simplified Approach for Obtaining Optical Properties 
of VO2 Thin Films, and Demonstration of Infrared 
Shape-Shifting Devices

José Figueroa, Yunqi Cao, Henry Dsouza, Juan Pastrana, and Nelson Sepúlveda*

DOI: 10.1002/admt.201800599

study, where advancements such as IR 
absorbing additives on fabrics,[10] thermal 
metamaterials,[11,12] and materials with 
tunable optical properties[13] have been 
shown. One advantage of IR camou-
flage, is that it can be achieved by modu-
lating the material’s emissivity instead of 
 controlling its temperature.[14] The applica-
tions presented in this work demonstrate 
how the drastic change in emissivity of 
a smart material can be tuned to achieve 
such camouflage in the IR region.

Over the past few years vanadium 
dioxide (VO2) has seen a great increase on 
its implementation for IR camouflage due 
to its distinct nature.[15–17] It possesses the 
unique feature of undergoing an insu-
lator to metal phase transition close to a 
temperature of 68 °C, as first observed 
by Morin.[18] Due to this phase transi-
tion, VO2’s crystal structure changes from 
monoclinic to tetragonal, and its optical 

and electrical properties undergo a change along the phase 
transition (PT).[19,20] Besides thermally, this phase transition 
can be induced by ultrafast optical radiation. It has previously 
been reported that this light-induced PT from insulator to 
metal occurs within 100 fs.[21] These changes can be exploited 
and incorporated in many devices, such as band-pass filters,[22] 
frequency resonators,[23] micro-electro-mechanical-systems 
(MEMS),[24,25] VO2-based actuators,[26,27] optical switches,[28] 
and shutters.[29] It is important to note that due to its intrinsic 
PT, VO2’s optical changes such as its transmittance drop, 
are far more noticeable in the IR region.[30,31] VO2’s tunable 
optical properties also would allow for emissivity modulation, 
since its emissivity changes along with the phase transition.[13] 
This makes VO2 an excellent candidate for adaptive camou-
flage integration and smart window designs.[32,33] Comprehen-
sive summaries of VO2’s technological and responsiveness are 
provided in previous published articles.[34,35]

We have previously reported the programming of optical 
states in VO2 thin films.[36,37] This paper reports on the develop-
ment of VO2-based shape-controlled micrometer-sized devices, 
which are triggered through integrated resistive heaters. This 
in turn allows us to demonstrate the shape-reconfiguring capa-
bilities of VO2 in the IR region via electronically programmed 
pulses. The demonstrated applications in this work show 
geometric shapes (circles, squares, and triangles) and 8-bit 
numeric displays can be reconfigured for detection by an IR 

Micrometer-sized VO2-based devices with integrated resistive heaters of 
different configurations are fabricated. Quality of the VO2 films is confirmed 
by measuring the characteristic drop in transmittance and negative 
differential emissivity for these films. A two-interface model for optical 
transmittance, reflectance, and absorbance is presented. This method and 
analytic model presents an advantage over most typically used approaches 
in that it does not require direct measurements of the material’s optical 
constants to estimate transmittance. By combining the substrate and the 
VO2 film into one layer with a reduced optical admittance, the two-interface 
model is reduced to a single-layer model. Moreover, the present work 
demonstrates the implementation of the developed VO2-based devices in 
adaptive camouflage and shape-converting applications. Electrical pulses 
are used to program different emissivity states to convert geometric shapes 
inside a fully integrated VO2-based electro-optical window. This results in the 
reconfiguring of thermal images to either create new shapes, or shift from 
one to another.
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IR Shape-Shifters

1. Introduction

Adaptive camouflage and shape shifting technologies have seen 
a great interest on research in recent years. Research has been 
constantly progressing from the incorporation of disruptive pat-
terns on uniforms and vehicles during World War One, to the 
matching of infrared signatures of a tank to its background for 
concealment.[1,2] Many different materials and methods are still 
being researched to this day, ranging from clothing improve-
ments with special dies and fabrics,[3–6] to materials with prop-
erties such as reversible color changes[7] or large variations on 
their thermal properties.[8] For night vision systems, camou-
flage in the nonvisible regions, particularly near infrared (NIR)  
700–1500 nm, is of importance where the reflectance of the mate-
rial near the region matches that of the background to achieve 
concealment.[9] Camouflage for IR wavelengths is still an ongoing  
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camera, using only electrical signals. A two surface reflectance 
and transmittance model is shown to simulate the effects of 
the film and substrate thickness on the optical reflectance, 
absorbance, and transmittance of the developed micrometer-
sized electro-optical windows. Multiple studies and approaches 
have been used to model VO2-based films and electro-optical 
devices,[38–40] which require direct measurements of the mate-
rial’s optical properties. The model presented here is simpler 
than most of the methodologies used; and yet, still presents a 
valid model that can be used to characterize these devices for 
applications such as the use of electrical pulses to reconfigure 
thermal shapes. Examples for the shape-converting capabilities 
of VO2-based devices are shown. Thermal images show how 
electrical pulses are used to convert square shapes to circles and 
then back to squares. Similarly, triangle shapes are shown to 
change to square shapes and back. Finally, a VO2-based window 
with several resistive heaters forming an 8-bit digital display is 

used to demonstrate the same shape converting capabilities, 
where electrical pulses are used to display thermal images of 
different numbers.

2. Results and Discussion

Figure 1A shows the fabrication process flow, which is 
described in detail in the Experimental Section of this paper. 
Figure 1B–D shows optical microscope and scanning electron 
microscope (SEM) images for the labeled individual devices, 
which are referenced in the Experimental Section as well as 
in the results and discussions that follow. To verify the quality 
of the devices, optical transmittance measurements for the 
VO2-based windows were measured as a function of current. 
Figure 2 shows both a single hysteretic loop and minor loops 
for the 650 µm2 window (device#4 in Figure 1B). The power of 
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Figure 1. A) Fabrication process for the VO2-based window. a) 500 µm thick SiO2 substrate and b)deposited VO2 layer. c) Patterning of VO2 windows, 
top windows are 1100 µm × 500 µm, lower windows are 650 µm2. d) Insulating layer of SiO2 and e) Au/Ti metal deposition. f) Pattering of metal 
traces. B) Optical microscope image of die containing VO2-based devices. C) SEM images for: 1) 1100 µm × 500 µm, 2) 650 µm2 with circle and square 
heater configuration, and 3) 650 µm2 with triangle heater configuartion. 4) Cross-section for the 1100 µm × 500 µm device with respective thickness. 
D) Cross-section for the 1100 µm × 500 µm window showing the VO2 thickness, SiO2 top layer thickness, and gold thickness.
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the laser was measured before the sample (1.23 mW) and used 
for normalizing the transmitted power through the window. 
The device shows a transmittance drop of about 30%, which 
is to be expected for this infrared region (λ = 1550 nm).[41] 
Hysteresis curves were plotted through computer-controlled 
heating and cooling cycles with decreasing amplitude in order 
to obtain minor loops inside the major hysteretic loop. For 

programming optical states, a DC-bias cur-
rent of 82 mA was applied to reach a tem-
perature at the onset of the phase transition 
(i.e., preheating temperature). The optical 
properties at the preheating temperature 
represent the first optical state. This is fol-
lowed by programming of another electrical 
pulse of 85 mA which is not large enough to 
complete the full PT of the VO2 film, thus 
returning to the preheated level through 
one of the minor hysteretic loops. At this 
point, after the pulse, the sample is again 
at the preheating temperature, but with dif-
ferent optical properties. The minor hys-
teretic loops cover a transmittance change 
from 32% to 2%, which means that, any 
transmittance between these values can be 
programmed on the electro-optical window 
by using electrical pulses.

Figure 3a,b shows the VO2 emissivity 
as a function of both current and tempera-
ture for the 650 µm2 windows (device#4 in 
Figure 1B), where the window consists of 
VO2 film exposed to air (e.g., the SiO2 layer 
on the VO2 was removed). At a preheating 
temperature of about TPT = 67 °C (which is 
applied by conductive heating using a Pel-
tier heater below the sample), the measured 
average value for ε T( )VO2

 = 0.83. When the 
temperature is increased to a value greater 
than 77 °C (across the PT), ε T( )VO2  drops to 
0.4. Figure 3b shows the ε i( )VO2 , where a 
similar drop in emissivity from 0.83 to 0.4 
is observed across the phase transition. A 
similar emissivity drop of 0.44 was measured 
on VO2/carbon composites,[42] which is in 
agreement to the observed drop in the pre-
sent devices. In order to see the effects of an 
added layer of SiO2 above the VO2, emissivity 
measurements were performed for a similar 
device where the SiO2 over the VO2 window 
was not removed. These results are shown 
in Figure 3c, where no significant difference 
on the emissivity values before and after the 
transition can be observed, since SiO2s do 
not show any negative differential emissivity 
(E = 0.75).[43]

Using a two-surface reflectance and trans-
mittance model at normal incidence, the 
transmittance and reflectance for VO2 can be 
modeled at different temperatures. The fol-
lowing calculations will take into considera-

tion two interfaces: VO2/SiO2, and VO2/incident medium (air). 
The metal traces are not taken into account since the beam 
spot size is centered in the window, which only consist of the 
VO2 thin film on SiO2 substrate. To obtain the real part of the 
index of refraction (n) for fused silica (nSiO2) we use Sellmeier’s 
equation[44] for a range from 400 to 1800 nm. For our desired 
range of wavelengths, the extinction coefficient (k) for SiO2 is 
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Figure 2. a) Optical transmittance measurements for the 650 µm2 VO2 window. b) The minor 
hysteretic loops for the same window. Measurement was taken by actuating one of the single 
triangle heaters and measuring inside the area of the heater. Inset in (b) shows the voltage 
sequence used to obtain the minor loops.
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set at kSiO2 = 0 (i.e., no absorption), which is reasonable for wave-
lengths in the 400–1800 nm range.[45] Values for the real and 
imaginary parts of the index of refraction for VO2 (nVO2 and kVO2,  
respectively) for a wavelength ranging from 400 to 1800 nm 
were obtained from previous works for temperatures ranging 
from 25 to 120 °C.[41,46–48] The index of refraction for VO2 (N1) 
and SiO2 (N2) will then be defined as

N n ik
N n ik

1 1 1

2 2 2

= −
= −  (1)

where (n1, k1) correspond to the optical constants of VO2 and 
(n2, k2) correspond to the optical constants for SiO2.

Equation (1) can be incorporated in the definition of optical 
admittance (tilted optical admittance), which takes into consid-
eration the case of oblique incidence for both parallel and per-
pendicular polarization and are given by
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From Equation (2) both cos(θ1) = cos(θ2) = 1, since we are 
treating the case for normal incidence. Therefore η1S = η1P = η1 
and η2S = η2P = η2. The phase shift for light going from air to 
VO2 (δ1) is then given by
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The electric and magnetic fields at the air/VO2 interface ((Ea) 
and (Ha)), normalized with respect to the electric field at the 
VO2/SiO2 interface (Eb) become B
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characteristic matrix is now defined, which combines the VO2 
thin film and SiO2 substrate into one interface[49]
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From Equation (4) we can define a reduced optical admit-
tance given by

Y
C

B
=  (5)

Here, we have successfully reduced a two-interface optical 
model into a single boundary one. Using Equation (5) we can 
then calculate both the reflection coefficient ρ and transmission 
coefficient τ as

Y
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0

0

0

0

ρ η
η

τ η
η

= −
+

=
+

 (6)

where η0 is the optical admittance of the first medium (in this 
case air). The transmittance (T) and reflectance (R) can then be 
obtained from
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Figure 3. Emissivity for VO2 windows: a,b) Emissivity of 650 µm2 VO2 
window with etched SiO2 (exposed VO2) as a function of temperature 
and current, respectively. c) Emissivity for the 650 µm2 VO2 window with 
top layer of SiO2 over VO2.
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where ρ* is the complex conjugate of the reflectance coeffi-
cient. Similarly, the absorbance on a multilayer is related to R 
and T (A = 1 −R −T), which can be combined with Equation (7) 
to obtain
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Figure 4 shows the calculated T, R, and A values as a func-
tion of wavelength. In the calculations, the measured VO2 
thickness (SEM) of d1 = 205 nm was used. From Figure 4a, it 
is noted that the transmittance for room temperature increases 
with wavelength until ≈1.2 µm. After this wavelength, the 
transmittance follows a constant trend for (1.2–1.6 µm ), and 
then it increases for wavelengths larger than 1.7 µm. The trans-
mittance is reduced with increasing temperature (from 25 to 
120 °C) to almost 0%. It can be noted that the measured value 
for transmittance (Figure 2) was around 0.31 at λ = 1550 nm, in 
comparison to the 0.34 at λ = 1550nm for the calculated results, 
which is 0.03 difference from the calculated results shown in 
Figure 4a. This could be attributed to the fact that the n and 
k obtained from ref. [41] take into consideration a thin 10 nm 
layer of TiO2 with a VO2 layer that was around 100 nm thick. 

Of greater importance is that the optical constants of VO2 will 
vary and are largely dependent on their fabrication process.[50] 
Figure 4b shows the calculated transmittance as a function of 
wavelength for both regions: below and above the transition 
temperature, using different n and k values obtained from the 
literature. Below the transition temperature (for temperatures 
between 25–35 °C), the calculated transmittance at λ = 1550 nm 
using the optical constants from all the references included in 
Figure 4b is in the vicinity of the measured transmittance of 
0.31 shown in Figure 2a. Similarly, the calculated transmittance 
at λ = 1550 nm drops to 0 above the transition temperature 
(85–100 °C).

On the other hand, reflectance values increase as the tem-
perature is increased, (Figure 4c), which is indicative of the 
intrinsic phase transition of VO2 going from insulator (low 
reflective material) to a metal (highly reflective material). For 
wavelengths between 400–850 nm, the reflectance peak value 
decreases and shifts to lower wavelength values as the tem-
perature is increased. A similar trend was measured by Mlyuka 
et al. and Lu et al., respectively[48,51] The calculated peak reflec-
tance value at room temperature at about 850 nm in Figure 4c 
drops rapidly as the wavelength is increased, reaching a min-
imum reflectance value at a wavelength close to 1500 nm. This 
was also observed in previous optical measurements on VO2 
films.[39,51] The magnitude of this calculated drop is reduced 
for temperatures above room temperature. Furthermore, at 
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Figure 4. a) Transmittance as a function of wavelength. b) Transmittance as a function of wavelength below and above transition temperature for 
several references. c) Reflectance as a function of wavelength. d) Absorbance as a function of wavelength.
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a wavelength of 1550 nm, the calculated reflectance increases 
with temperature, and for 120 °C the value increases for wave-
lengths above 700 nm. A similar trend was measured by Currie 
et al. and Mlyuka et al., respectively.[39,48] The large variations 
in the reflectance of VO2 at room temperature is due to the 
larger film’s roughness before the phase transition. In the insu-
lating state, VO2 has a greater surface roughness and thus as a 
result light is scattered.[52] Above the phase transition, the film 
becomes metallic and surface roughness decreases, resulting in 
more uniform optical properties. Figure 4d shows the absorb-
ance of the VO2 film for different temperatures. The larger vari-
ations in the reflectance curves mentioned earlier cause similar 
large variations in absorbance at room temperature as well. 
These variations follow the same trend in magnitude variations 
and shift in wavelength.

Since VO2 possess a negative differential emissivity with 
temperature, and selected regions in the material can be driven 
to different optical states, it can be integrated in larger systems 
for demonstrating shape-shifting devices. The following experi-
ments are demonstrations of possible applications for the devel-
oped devices, which include reconfiguring geometric shapes 
(circles, triangles, and squares) and numbers shown in an 8-bit 
display; as seen by an IR camera. Details on the reconfiguring 
process can be found in the videos provided in the Supporting 
Information. Figure 5A shows several thermal images cap-
tured for the VO2 window with the circle and squared heater 
configuration (device#4 in Figure 1B,C). It should be noted 
that the resistive heaters have individual and separate electrical 
connections (i.e., each heater has a separate pair of electrodes 
for wire bonding). The preheated stage was first achieved 
using a preheated current (Iph = 98 mA) on the square heater 
Figure 5-1. This value of current corresponds to a known value 
of emissivity (E1 = 0.74), which is labeled in the emissivity plot 
shown in Figure 5B. This was followed by increasing the cur-
rent (IH = 101 mA) on the square heater to achieve a lower 
emissivity for the film. The temperature increase provided 

by the traces induces a change that follows the shape of the 
heater, thus giving the appearance of a square in the thermal 
image. A current of 50 mA was then sent to the circular heater 
Figure 5-3, further increasing the temperature and inducing 
the phase transition inside region surrounded by the heaters. 
This will in turn change the shape of the image to a circular 
shape with a lower value of emissivity (E4 = 0.40). The current 
on the circular heater was then increased to 100 mA, transi-
tioning the entire VO2 film inside the window to the metallic 
phase. This results in a larger area for the thermal image of the 
square shape, but with different orientation (Figure 5-4). With 
both heaters on the window activated, a total current of 201 mA 
was supplied, giving an emissivity value of 0.40. At this stage, 
the circular heater was turned off, leaving the square heater at 
the second stage (IH = 101 mA). This would correspond to the 
same applied current as the stage shown in Figure 5-2. How-
ever, due to the hysteretic behavior of VO2, this current will 
induce an emissivity in the VO2 film of only E5 = 0.43 (see emis-
sivity curve in Figure 5B). Thus, a lower irradiance is observed. 
The heater was then brought down to the preheated current 
(Iph = 98 mA), where a square with a lower emissivity value 
(E = 0.45) can be observed (Figure 5-6). Several shape shifting 
stages can be successfully programmed using combinations of 
heaters incorporated into the device. These thermal images are 
taken from videos included in the Supporting Information of 
this article.

A different shape-conversion for VO2 windows is demon-
strated using a triangle heater shape (see Figure 6A). From 
Figure 6-1, a preheated current of 101 mA was first applied to 
the first triangle heater, this resulted on an emissivity value of 
E1 = 0.69. This was followed by a pulse increase to 107 mA, 
which corresponded to an emissivity of (E2 = 0.51). A clear tri-
angle figure can be seen inside the heater region (Figure 6-2).  
By sending another pulse of 101 mA to the second heater 
(Figure 6-3), a square can be achieved with a value of emis-
sivity (E3 = 0.4) past the full transition of the VO2 –note the 
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Figure 5. A) Thermal images for the 650 µm2 window with square and circle heater configuration for several programming pulses. 1) The preheated 
state using the square heater. 2) A second pulse is sent to achieve a lower emissivity state. 3) The second circular heater is activated, this creates a 
new circular state. 4) The current is increased on the circular heater to obtain a new square state. 5) The second heater is turned off with only the first 
heater maintained at the second state (2). A state with a lower emissivity but same temperature as in (2) is achieved. 6) The first heater is brought 
back to the preheated level. B) Emissivity curve for a heating and cooling cycle. Labeled emissivities in the plot correspond to the values for each of 
the thermal images.
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emissivity curve in Figure 6B, where all the emissivity states in 
Figure 6A are labeled. As done on the first heater, the current 
was increased on the second heater to 106 mA (Figure 6-4), this 
caused the center of the square to irradiate more, even though it 
corresponds to the same value of emissivity (E = 0.40). This was 
followed by shutting down the second heater (Figure 6-5), going 
back to the second state current (I = 107 mA) with a lower value 
of emissivity (E = 0.42). The heater was then brought down to 
the preheated current (Iph = 101 mA), where a triangle with an 
emissivity of E = 0.44 is obtained (Figure 6-6). Figure 6B shows 
the several states for emissivity and current for the device (see 
the Supporting Information for real-time video).

Figure 7 shows several thermal images for the 
1100 µm × 500 µm VO2 window, where the resistive heaters 
were actuated to form the numbers “7” and “1”. Following a 
similar approach to the one used in the previous geometric 
shapes, the VO2 film was locally heated to program the shapes 
of these two numbers. Finite element method (FEM) simula-
tions for the VO2-based window devices reported in this manu-
script, in particular related to this application can be found in 
the Supporting Information.

3. Conclusion

A two-interface model was implemented to calculate the trans-
mittance, reflectance, and absorbance for the device at normal 
incidence. The method did not require the measurement of 
optical constants. Instead, using previously measured parame-
ters from the literature, and a theoretical approach for reducing 
a two-interface problem into a single layer model, the transmit-
tance for VO2-based devices was obtained within difference 
of 0.03 from the measured transmittance. The implemented 
model was also used to calculate reflectance and absorbance, 
and the obtained values and parameters behavior with wave-
length and temperature resembled that of previously measured 
optical properties in VO2. This method can be taken as a uni-
versal approach for any multilayer films, considering that the 

optical constants (n, k) are provided. Furthermore, VO2-based 
micrometer-sized windows were demonstrated with integrated 
resistive heaters that can be actuated independently to drive 
the VO2 film into different regions across its phase transition. 
Both major and minor loops for the optical transmittance were 
obtained across the phase transition. Emissivity curves were 
obtained as a function of temperature and applied current to 
the resistive heater. Due to the film’s hysteretic behavior, elec-
tronic pulses were used to program different emissivity’s states 
along the film’s surface. This was used to reconfigure thermal 
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Figure 6. A) Thermal images for the 650 µm2 window with triangle and triangle heater configuration for several programming pulses. 1) Corresponds 
to the preheated state using the triangle heater. 2) A second pulse is sent to achieve a lower emissivity state. 3) The second triangle heater is activated, 
which creates a new square state. 4) The current is increased on the triangle heater to obtained a new square state. 5) The second heater is turned off 
with only the first heater maintained at the second state (2). A state with a lower emissivity but same temperature as in (2) is achieved. 6) The first 
heater is brought back to the preheated level. B) Emissivity versus current showing the corresponding states.

Figure 7. Thermal images for the 1100 µm × 500 µm VO2 window. a) shows 
the preheated current necessary to form a number one figure. b) a second 
pulse is applied to reach a lower emissivity state. c) Image after second 
pulse is brought down to the preheated level. d) The preheated current 
necessary to form a number seven figure. e) Second pulse is applied to 
reach a lower emissivity state. f) Image after second pulse is brought 
down to the preheated level, a more defined seven can be seen on the 
lower irradiance area.
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images into different geometrical shapes or numbers. Finite 
element method simulations were used to determine the heat 
distribution along the VO2 surface.

4. Experimental Section
Device Fabrication: The fabrication of the VO2-based shape-controlled 

devices consisted of a two-mask lithography process with a minimum 
feature size of 10 µm. Figure 1A shows the fabrication process. A double 
sided polished SiO2 wafer (SOF50D05C2, MTI Corp.) with a diameter 
of 2 in. and a thickness of 500 µm was used as the substrate. The first 
step was the deposition of a layer of VO2 via pulsed laser deposition 
(PLD). A silicon wafer was used as a backside cover for the SiO2 wafer 
to avoid any material accumulation that could affect any transmittance 
measurement. The VO2 deposition was performed using a KrF laser 
operating at 10 Hz with a laser fluence of   2 Jcm−2 and a deposition 
time of 25 min. The substrate was maintained at a temperature of 
595 °C, and the chamber was evacuated to an oxygen environment with 
a pressure of 15 mTorr. A 30 min annealing process was performed after 
the deposition was completed. Following the deposition, the VO2 layer 
was patterned and then etched by reactive ion etching (RIE). An ≈300 nm 
thick insulating layer of SiO2 was then deposited by plasma enhanced 
chemical deposition. This was performed in three steps of 100 nm  
at a temperature of 250 °C to avoid any voids across the SiO2, and to 
make sure that there is no contact (short-circuit) between the VO2 layer 
and metal traces. Metal layers (titanium/gold (Ti/Au) with thickness of 
20 and 580 nm) used for the heaters were deposited by evaporation and 
patterned using lift off technique. This was followed by another etching 
step to remove the SiO2 in order to expose the VO2. This last step was 
performed only on some of the samples, in order to compare results 
between samples with exposed VO2 and covered VO2. The final wafer 
was then diced to form individual dies. Each die contained: 1) two 
1100 µm × 500 µm windows with 8 heaters (with a width of 10 µm), 
properly allocated to form an eight number shape; 2) a 650 µm2 window 
with a double heater configuration (square and circle); and 3) a 650 µm2 
window with two triangle heaters forming a square and a middle 
heater in the center completes the device. Figure 1B shows an optical 
microscope image of the final die with the corresponding VO2 windows. 
Once the wafer was diced into individual chips, it was mounted on a 
circular IC package before being wire bonded and mounted on a custom 
built PCB for both electro-optical measurements. Figure 1C,D shows 
SEM images (JEOL 6610LV) of the VO2 samples where the VO2 layer 
was exposed. The cross-section SEM images are taken after cutting a 
single die along the center of the 1100 µm × 500 µm VO2 window (i.e., 
along the lines shown in the top-view images, Figure 1A-b). From the 
cross-section images, the measured thickness for the Au/Ti, SiO2, and 
VO2 layers (top-to-bottom order) are 465, 300, and 200 nm, respectively. 
Before the SEM images were taken, a thin coating of osmium (10 nm) 
was deposited over the samples using a NEOC-AT osmium CVD 
(chemical vapor deposition) coater (Meiwafosis Co., Ltd.).

Experimental Setup: The optical setup used was similar to the 
one used for the experiments performed on ref. [37] except for the 
implementation of a voltage divider for the resistance measurements. 
For the transmittance measurements, a Thorlabs NIR laser diode 
(λ = 1550 nm, ML925B45F) operated at a current of 34.9 mA was used 
on the optical setup. The device did not include metal electrodes to 
monitor the resistance of the material, in order to minimize the number 
of metal lines that will interfere with the transmission, reflection, 
and emission due the VO2 film. The sample was actuated through 
Joule heating by passing a current IH through the heaters, which was 
computer-controlled and -monitored via a virtual instrument and data 
acquisition (NI USB-6001) system. To avoid any overheating of the 
sample, a limiting resistance (RL = 46Ω) was connected in series with 
the heaters on the devices.

For emissivity measurements and generation of thermal images 
showing the desired programmed states (and shapes) on the device, an 

IR thermal microscope (OptoTherm, Infrasight MI320) was used. The 
die containing all the devices was attached to a Peltier heater. A material 
with a known emissivity as a benchmark (masking tape, E = 0.95),[43] 
was placed close to the VO2 window, and the thermal microscope was 
focused on both surfaces. It should be noted that the emissivity of the 
benchmark does not change for the range of temperatures used in this 
experiment (i.e., from room temperature to 100 °C). This was followed 
by a calibration process, where the temperature of the Peltier heater 
was varied, and emissivity of VO2 (as read by the microscope) was 
varied until the measured temperature in the VO2 region matched that 
of the used benchmark. This process resulted in the characterization 
of the emissivity of VO2 as a function of temperature ( ( )VO2

Tε ). It also 
gave a relationship that was used to obtain the emissivity as a function 
of applied current i ( ( )VO2

iε ). The temperature that corresponds to an 
applied current i can be obtained by using ( )VO2

Tε  Tto find the matching 
emissivity of VO2 and corresponding temperature for each value of i.
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2008, 14, 361.
[11] T.-Z. Yang, Y. Su, W. Xu, X.-D. Yang, Appl. Phys. Lett. 2016, 109, 

121905.
[12] Y. Zhang, J. Zhang, Y. Wang, Z. Yu, B. Zhang, in 2018 IEEE/MTT-S 

Int. Microwave Symp.-IMS, IEEE, Philadelphia, PA, USA 2018,  
pp. 984–986.

[13] M. A. Kats, R. Blanchard, S. Zhang, P. Genevet, C. Ko, 
S. Ramanathan, F. Capasso, Phys. Rev. X 2013, 3, 041004.

[14] L. Xiao, H. Ma, J. Liu, W. Zhao, Y. Jia, Q. Zhao, K. Liu, Y. Wu, Y. Wei, 
S. Fan, K. Jiang, Nano Lett. 2015, 15, 8365.

[15] L. Kang, Y. Gao, H. Luo, J. Wang, B. Zhu, Z. Zhang, J. Du, 
M. Kanehira, Y. Zhang, Sol. Energy Mater. Sol. Cells 2011, 95, 3189.

[16] X. Cao, N. Wang, J. Y. Law, S. C. J. Loo, S. Magdassi, Y. Long, 
Langmuir 2014, 30, 1710.

[17] J. Du, Y. Gao, Z. Chen, L. Kang, Z. Zhang, H. Luo, Sol. Energy Mater. 
Sol. Cells 2013, 110, 1.

[18] F. Morin, Phys. Rev. Lett. 1959, 3, 34.
[19] S. Lysenko, A. Rúa, V. Vikhnin, F. Fernández, H. Liu, Phys. Rev. B 

2007, 76, 035104.
[20] S. Lysenko, V. Vikhnin, F. Fernandez, A. Rua, H. Liu, Phys. Rev. B 

2007, 75, 075109.
[21] A. Cavalleri, T. Dekorsy, H. H. Chong, J.-C. Kieffer, R. W. Schoenlein, 

Phys. Rev. B 2004, 70, 161102.
[22] Y. Cao, D. Torres, T. Wang, X. Tan, N. Sepúlveda, Smart Mater. 

Struct. 2017, 26, 085032.
[23] Y. Cao, W. Li, J. Figueroa, T. Wang, D. Torres, C. Wang, Z. L. Wang, 

N. Sepulveda, Nano Energy 2018, 43, 278.
[24] D. Torres, T. Wang, J. Zhang, X. Zhang, S. Dooley, X. Tan, H. Xie, 

N. Sepúlveda, J. Microelectromech. Sys. 2016, 25, 780.
[25] R. Cabrera, E. Merced, N. Sepúlveda, Vacuum 2014, 2013, 0042.
[26] T. Wang, D. Torres, F. E. Fernández, A. J. Green, C. Wang, 

N. Sepúlveda, ACS Nano 2015, 9, 4371.
[27] T. Wang, D. Torres, F. E. Fernández, C. Wang, N. Sepúlveda, Sci. 

Adv. 2017, 3, e1602697.
[28] S. Chen, H. Ma, X. Yi, H. Wang, X. Tao, M. Chen, X. Li, C. Ke, 

Infrared Phys. Technol. 2004, 45, 239.
[29] M. Soltani, M. Chaker, E. Haddad, R. Kruzelecky, J. Margot, P. Laou, 

S. Paradis, J. Vac. Sci. Technol., A 2008, 26, 763.

[30] A. S. Barker, H. W. Verleur, H. J. Guggenheim, Phys. Rev. Lett. 1966, 
17, 1286.

[31] H. W. Verleur, A. S. Barker, C. N. Berglund, Rev. Mod. Phys. 1968, 
40, 737.

[32] K. Kato, P. K. Song, H. Odaka, Y. Shigesato, Jpn. J. Appl. Phys. 2003, 
42, 6523.

[33] Z. Chen, Y. Gao, L. Kang, J. Du, Z. Zhang, H. Luo, H. Miao, G. Tan, 
Sol. Energy Mater. Solar Cells 2011, 95, 2677.

[34] K. Liu, S. Lee, S. Yang, O. Delaire, J. Wu, Mater. Today 2018,  
875.

[35] Y. Ke, S. Wang, G. Liu, M. Li, T. J. White, Y. Long, Small 2018, 14, 
1802025.

[36] H. Coy, R. Cabrera, N. Sepúlveda, F. E. Fernández, J. Appl. Phys. 
2010, 108, 113115.

[37] J. Figueroa, Y. Cao, T. Wang, D. Torres, N. Sepúlveda, Adv. Mater. 
Lett. 2018, 9, 406.

[38] R. Basu, P. Magudapathy, M. Sardar, R. Pandian, S. Dhara, J. Phys. 
D: Appl. Phys. 2017, 50, 465602.

[39] M. Currie, M. A. Mastro, V. D. Wheeler, Opt. Mater. Express 2017, 7, 
1697.

[40] J.-H. Yu, S.-H. Nam, J. W. Lee, J.-H. Boo, Materials 2016, 9, 556.
[41] H. Kakiuchida, P. Jin, S. Nakao, M. Tazawa, Jpn J. Appl. Phys. 2007, 

46, L113.
[42] S. Wang, G. Liu, P. Hu, Y. Zhou, Y. Ke, C. Li, J. Chen, T. Cao, Y. Long, 

Adv. Mater. Interfaces 2018, 1801063.
[43] I. Optotherm, Emissivity in the Infrared,  2018.
[44] I. H. Malitson, J. Opt. Soc. Am. 1965, 55, 1205.
[45] L. Gao, F. Lemarchand, M. Lequime, J. Eur. Opt. Soc. Rapid Publ. 

2013, 8, 13010.
[46] J. K. Kana, J. Ndjaka, G. Vignaud, A. Gibaud, M. Maaza, Opt. 

Commun. 2011, 284, 807.
[47] A. Joushaghani, Ph.D. Thesis, University of Toronto 2014.
[48] N. Mlyuka, G. A. Niklasson, C.-G. Granqvist, Sol. Energy Mater. Sol. 

Cells 2009, 93, 1685.
[49] H. MacLeod, H. Macleod, Thin-Film Optical Filters, 4th ed., Series in 

Optics and Optoelectronics, CRC Press, Florida, USA 2010.
[50] O. Konovalova, A. Sidorov, I. Shaganov, J. Opt. Technol. 1999, 66, 

391.
[51] S. Lu, L. Hou, F. Gan, J. Mater. Sci. 1993, 28, 2169.
[52] S. Lysenko, F. Fernández, A. Rúa, J. Aparicio, N. Sepúlveda, 

J. Figueroa, K. Vargas, J. Cordero, J. Appl. Phys. 2015, 117,  
184304.

Adv. Mater. Technol. 2019, 4, 1800599


