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a b s t r a c t 

Monotonous thermal radiation emitted from an ordinary object can be brought into a dynamic and ver- 

satile form that can be shaped according to the application area with the ingenious design of the surface 

coatings. Building the coatings with phase change materials provides exceptional and surprising proper- 

ties in terms of tunability, adaptability and multifunctionality. In this paper, we investigate the thermal 

radiation properties in the MWIR band through comprehensive thermographic measurements and the- 

oretical methods while a thin (~90 nm thick) vanadium dioxide (VO 2 ) layer on the sapphire substrate 

(VO 2 thin film) is placed on different ordinary objects under heating/cooling conditions. It is indicated 

that the emission of the metal object (low emittance) can be boosted and the emission of the black- 

body-like object (high emittance) can be suppressed at the relevant temperatures. The thermal emission 

of the objects covered with thin VO 2 film at high temperatures ( > 75 °C) is determined by only the VO 2 

thin film, since the VO 2 layer is completely metallized and the MWIR radiation of the underlying object 

is masked. When the actual temperature of the object behaving like a blackbody rises up to 95 °C, the 

temperature detected in the MWIR thermal camera is reduced by more than 20% to approx. 75 °C due 

to the VO 2 thin film on this object, providing thermal camouflage. It is experimentally and theoretically 

revealed that the underlying physical mechanism on these strange results is associated with the drastic 

change in the infrared optical parameters of the VO 2 as a result of the applied temperature. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

There is great interest in thermal emission engineering for 

 wide range of applications, such as infrared (IR) invisibil- 

ty/camouflage [ 1 , 2 ], energy harvesting [ 3 , 4 ], and IR radiation and

eat management [ 5 , 6 ]. The thermal radiation or emission (TE) in

he IR band emitted from the objects depends on the temperature 

nd spectral emissivity of the object [7] . Since the spectral emissiv- 

ty of conventional materials is between 0 and 1, depending on the 

aterial type and geometry, the TE of such materials is directly 

roportional to the temperature. In other words, the warmer the 

aterial, the higher the TE coming from the material. In addition, 

ccording to Kirchhoff’s law, since the spectral emissivity is equal 

o spectral absorptivity [8] , the higher the spectral emissivity at a 
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ertain wavelength emitted from the object, the higher the spectral 

bsorptivity, which is the rate of absorption of the illumination at 

he same wavelength. When thin films are coated on the object to 

hich TE control is desired, the spectral emissivity of the object 

an be controlled depending on the geometric pattern and mate- 

ial content of the film, and consequently TE can be engineered [5] . 

owever, in most of these studies, thin films coated on the objects 

rovide passive, that is, mono-functional properties of the spec- 

ral emissivity [ 6 , 9 , 10 ]. The most important constraint of passive

oatings is that if a different spectral emissivity or absorptivity re- 

uirement occurs in the lifetime of the object and/or the ambient 

onditions in which it lives, complex, time-consuming, and costly 

esign and fabrication processes need to be repeated according to 

he requirements [ 11 , 12 ]. 

If phase change material (PCM) is used in a thin-film de- 

ign, the above-mentioned passivity and mono-functionality 

eatures can be changed in TE control without making a new 

esign and fabrication, resulting in dynamism, adaptability, and 
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ultifunctionality. Germanium antimony telluride (GeSbTe or 

ST) chalcogenide [13] , perovskite manganese oxide [14] , tungsten 

xide (WO 3 ) [ 15 , 16 ], samarium nickel oxide (SmNiO 3 ) [17] , and

ost importantly vanadium dioxide (VO 2 ) [18–20] can be listed 

s prominent PCMs with TE studies [21] . The material phase 

f VO 2 changes reversibly when it exceeds an easily accessible 

emperature (~68 °C) level [22] . In other words, the material 

xhibits a controllable dynamic characteristic that is an insulator 

t room temperature, metal at high temperatures, and a mixture 

f both material components (i.e. natural metamaterial [23] ) at 

ntermediate temperatures. The phase transition of VO 2 can be 

erformed thermally [24–27] , optically [28] , electrically [29–31] , 

nd mechanically [32] . The electrical and optical properties of VO 2 

iffer significantly, especially in the IR spectrum, depending on 

he insulating, conductive, and natural metamaterial states. As a 

esult of this, by making use of the developing micro and nano 

abrication possibilities, many optical and photonic applications 

hat use insulator and metal conditions other than the phase tran- 

ition region have been developed [ 25–27 , 33 ], and the door has

een opened to benefit from the extraordinary behavior in the in- 

ermediate region [ 24 , 34 ]. This intermediate zone is the regime in

hich the material itself operates as a metamaterial in which sub- 

avelength metallic and insulating inclusions change in size and 

attern depending on the amplitude and the direction (i.e. heating 

nd cooling) of the temperature during the phase transition. A 

omprehensive study of extracting the optical parameters of VO 2 

uring the phase transition can be found in our recent study [24] . 

In the present paper, we experimentally explore 3–5 μm mid- 

ave IR (MWIR) TE of the ordinary objects covered with a thin 

O 2 film according to temperature variations of the underlying ob- 

ect under heating and cooling conditions. Although the thermal 

maging applications are more in 8–14 μm long-wave IR (LWIR) 

and, the opacity of the sapphire substrate in this band interrupts 

he radiation of the objects under it. For this reason, we choose the 

WIR band to better observe the interaction of the radiation of 

he underlying objects and the thin film radiation. Since the spec- 

ral optical parameters of the VO 2 film at different tem peratures 

re dependent on the synthesis conditions (growth type, substrate, 

lm thickness, etc.) [ 24 , 34 , 35 ], we experimentally reveal the opti-

al properties of the film in the IR band based on the quantita- 

ive spectroscopy method in our previous study [24] . Next, MWIR 

Es originating from two different ordinary objects covered with 

hin VO 2 film are measured in heating and cooling cycles by MWIR 

hermal microscopy and compared with calculations made with 

 radiative transfer model based on electromagnetic simulations. 

ith the motivation to better observe and survey the effect of the 

hin film coating on the objects with different radiative properties, 

e choose two distinct objects: "Object 1 ′′ is a blackbody-like with 

n emissivity close to 1, while "Object 2 ′′ is a metal with near-zero 

mission. It is demonstrated by compatible measurements and the- 

retical calculations that the monotone radiation property of the 

ncoated objects can be transformed into a non-monotone form 

hanks to the extraordinary properties of VO 2 during phase tran- 

ition when a very thin VO 2 coating is applied. Benefiting from 

hese features, our study contributes to unlocking the multifunc- 

ional and adaptable thermal emission application potentials, such 

s thermal camouflage. 

. Materials and methods 

.1. Synthesis of thin VO 2 film 

~90 nm thick thin VO 2 film was deposited on a double side pol- 

shed c -plane sapphire substrate utilizing the RF magnetron sput- 

ering technique. Sapphire was chosen as the substrate since it 

as superior transmittance up to 6 μm mid infrared wavelengths. 
2 
e will refer to the structure of “90 nm thick thin VO 2 film on

apphire substrate” as “VO 2 thin film” throughout the present pa- 

er. The source material was taken as a vanadium oxide target. 

he deposition rate was ~0.4 A 

°/s under the deposition pressure 

f 2.4 × 10 −3 mbar and argon (Ar) flow of 7 sccm. Post anneal- 

ng was performed at 400 °C for 60 min in an atmospheric tube 

urnace under Ar flow of 4 cm 

3 /min. 

.2. Electrical characterization of VO 2 thin film 

The DC electrical sheet resistance of VO 2 thin film was mea- 

ured with the 4-probe sheet resistance technique (Agilent B1500A 

emiconductor Parameter Analyzer) while changing the tempera- 

ure from 25 °C to 90 °C and then back down. A thermoelectric 

ooling (TEC) chuck and its controller (10A/12 V TEC controller, Ar- 

oyo Instruments 5310) were used as the heating stage to control 

he temperature. At each temperature measurement, we waited at 

east 60 s for the temperature to settle. DC electrical sheet re- 

istance measurements proved that the VO 2 thin film is a suit- 

ble PCM material with a reversible material phase by transitioning 

rom the insulating state to the conductive state with a very steep 

lope with respect to the temperature change. (More than four or- 

ers of variation in the resistance value between cold ( T = 25 °C) 

nd hot ( T = 90 °C) conditions). 

.3. Structural characterization of VO 2 thin film 

The surface morphology/topography and surface roughness of 

O 2 thin film were investigated using scanning electron mi- 

roscopy (SEM) and atomic force microscopy (AFM). According to 

he SEM image, the surface morphology of the VO 2 film was con- 

inuous with multi domains due to the RF magnetron sputtering. In 

ddition, the average surface roughness was found to be ~8 nm in 

he AFM imaging. This value of roughness is negligible compared 

o the wavelengths ( λ ≥ 1 μm) in our study. Therefore, in simula- 

ions of these wavelengths, it would be correct to consider the top 

f the VO 2 film as smooth. 

.4. Measurements 

.4.1. Fourier transform infrared spectrometer measurements 

The temperature dependent IR spectral reflectivity of the VO 2 

hin film was measured employing an IR microscope (Bruker Hy- 

erion 20 0 0) and the Fourier transform infrared (FTIR) spectrome- 

er (Bruker Vertex 70v) with a liquid nitrogen cooled HgCdTe de- 

ector and mid-IR source. A 15x magnification reflective objective 

numerical aperture: 0.4) was selected to collect the reflected light. 

or calibration in the reflectivity measurements, we utilized an op- 

ically thick gold layer coated on the sapphire substrate as the ref- 

rence. VO 2 thin film was placed on a heating stage. With the 

eating stage mounted on the IR microscope and a temperature 

ontroller (Arrayo TEC), changes were performed from room tem- 

erature ( T = 25 °C) to higher temperature ( T = 90 °C) during

eating and from T = 90 °C to T = 25 °C during cooling. After set-

ing the controller of the heating stage, we took particular care to 

ait at least 60 s for the sample to reach the desired temperature. 

.4.2. Thermal microscopy measurements 

IR thermographic measurements were carried out using a ther- 

al microscope (QFI InfraScope TM-HST) operating at the MWIR 

pectrum with a liquid nitrogen cooled InSb detector array. The 

hermal microscope was in a laboratory environment that is not 

ubject to extremes of heat or cold. 12x lens using the Lens Tur- 

et was selected in the measurements. For a blackbody-like object 

Object 1), the thermal microscope’s black calibration tool (emis- 

ivity of the object, εobject = 0.95) was used, while the metal chuck 
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Fig. 1. Extraction method of spectral optical parameters of VO 2 with respect to temperature. Measured spectral reflectivity of R FTIR ( T, λ) (a) during heating and (b) during 

cooling. Simulated spectral reflectivity of R TMM ( T, λ) (c) during heating and (d) during cooling. Inset (a): FTIR measurement setup and x-z side view of the VO 2 thin film on 

a temperature stage. Extracted IR spectral optical parameters of VO 2 during heating: (e) Real and (f) imaginary parts of the refractive indices. Extracted IR spectral optical 

parameters of VO 2 during cooling: (g) Real and (h) imaginary parts of the refractive indices. The bottom colored vertical lines refer to the temperatures applied during 

heating and cooling. 
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f the thermal microscope ( εobject = 0.20) was selected for low- 

missivity metal (Object 2). Before starting the heating and cool- 

ng measurement cycles of the sample, we measured the internal 

R background emission of the microscope system for calibration 

urposes. During this measurement, the system shuts itself off to 

he external IR radiation with a shutter. In order to obtain experi- 

ental average (band) emissivity of the objects covered with VO 2 

hin film during heating and cooling cycles, the temperature of the 

etal chuck (temperature stage) of the thermal microscope was 

recisely changed from room temperature (25 °C) to 95 °C and vice 

ersa with the QFI system software when the VO 2 thin film was 

laced on Object 1 and Object 2, respectively. At each temperature 

easurement, we waited at least 60 s for the sample to reach the 

esired temperature. Finally, a 2D surface temperature map of the 

O 2 thin film on Object-1 was acquired while changing the stage 

emperature from low (50 °C) to high (95 °C) by setting the emis- 

ivity to a fixed value, which is selected as the emissivity value of 

he sample at 50 °C. 

.5. Simulations 

.5.1. Electromagnetic simulations 

Electromagnetic simulations were performed with the transfer 

atrix method (TMM) to calculate the spectral transmittance T ( T, 

) and the spectral reflectivity R ( T, λ) of the VO 2 thin film. The

pectral optical parameters of the 90 nm thick VO 2 layer, which we 

xtracted according to the temperature [24] , were used. The spec- 

ral optical parameter of the sapphire substrate was taken from 
3 
he Palik database [36] . In the TMM method, the multilayer optical 

alculations can be achieved by cascading the layers in which the 

eld within each layer could be treated as the superposition of a 

orward-traveling (transmitted) and backward-traveling (reflected) 

ave with a wave number and a transfer matrix that could repre- 

ent the propagation through the interface or within the medium 

 37 , 38 ]. The mathematical details of these derivations for TMM 

ere given by Kocer et al. [9] . In TMM simulations, we illuminated 

he VO 2 thin film at the normal incidence. 

.5.2. Heat transfer simulations 

Details of the heat transfer mechanisms and the simulations are 

iven in the Supplementary Material. 

. Results and discussions 

.1. Determination of the VO 2 dynamic optical parameters 

Spectral optical parameters of VO 2 in the IR wavelengths are 

etermined by the method shown in Fig. 1 . This method, whose 

etails were described in our previous study [24] , is based on the 

onvergence of the theoretical spectral reflectivity values ( R TMM 

( T, 

)) calculated with the TMM electromagnetic simulations to the 

xperimental ones ( R FTIR ( T, λ)) during heating and cooling cycles. 

he main reason why we make temperature changes separately for 

he heating and the cooling is that the hysteric effects on the op- 

ical parameters are revealed with the specified temperature cy- 

les, as VO has a certain hysteresis inherent in the material na- 
2 
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Fig. 2. Modeling of thermal emission. 
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ure [ 24 , 34 , 39 ] during the thermally driven transition from insula-

or to metal (or vice versa). The history of temperature profile (i.e., 

nowing VO 2 under heating or cooling path) should be tracked in 

rder to manage the hysteresis of VO 2 in practical applications. 

therwise, the device needs to be “reset” every time before uses. 

he temperature-varying spectral optical parameters of the VO 2 

ayer for heating and cooling conditions in the temperature range 

 = 25–90 °C are modeled using an effective medium theory (EMT) 

n the electromagnetic TMM simulations. By fitting the tuning pa- 

ameters in the EMT modeling elaborated in our past work [24] , 

he spectral FTIR measurements during the heating ( Fig. 1 (a)) and 

he cooling ( Fig. 1 (b)) as well as the corresponding TMM simu- 

ations in Fig. 1 (c) and Fig. 1 (d) are matched in the range of 1–

5 μm IR wavelengths. The corresponding temperatures are shown 

y colored vertical lines below the figure. Then, the extracted IR 

pectral optical parameters of VO 2 are given as real ( n ( T, λ)) and

maginary ( K ( T, λ)) parts of the refractive indices during heating 

( Fig. 1 (e) an Fig. 1 (f)) and cooling (( Fig. 1 (g) and Fig. 1 (h)). 

.2. Modeling thermal emission from the objects covered with thin 

lm coating 

Using the dynamic optical properties of VO 2 , we will model all 

hermal radiation processes reaching an IR imager from various 

rdinary objects coated with VO 2 thin film as shown in Fig. 2 . 

he temperature dependent spectral thermal emission ( TE ( T, λ)) 

adiant from any object is generally expressed as [ 5 , 17 , 35 , 40 ] 

 E ( T , λ) = ε e f f ( T , λ) .BB ( T , λ) (1) 

here εeff( T, λ) is effective spectral emissivity, and BB ( T, λ) is the

pectral emission of a blackbody (BB), which is also well known 

s Planck’s law [41] and defined by 

B ( T , λ) = 

2 πhc 2 

λ5 
(
exp 

(
hc 

λk B T 

)
− 1 

) . (2) 

Here h, k B and c are all constant numbers, which are Planck’s 

onstant, Boltzmann’s constant, and the speed of light in vacuum, 

espectively. When we combine the constant numbers in (5) and 
4 
ake the λ in micrometer ( μm) and the T in Kelvin (K), it would 

e more convenient to reformulate BB ( T, λ) in W/(cm 

2 .μm) as 

B ( T , λ) = 

c 1 
λ5 ( exp ( c 2 / λT ) − 1 ) 

(3) 

here c 1 = 3.7418 × 10 4 W.cm 

−2 .μm 

4 and c 2 = 1.4388 × 10 4 μm.K. 

s shown in Fig. 2 , if there was no thin film coating on any ordi-

ary object (blue colored), the emitted TE ( T, λ) function of the ob- 

ect would be equal to the product of εobject and BB ( T, λ) function. 

or ordinary (uncoated) objects, ε eff( T, λ) = ε object which is a con- 

tant number in the 0–1 interval (i.e. εobject is a fixed value close to 

ero for metallic objects whereas εobject is a fixed value close to 1 

or blackbody-like objects). Then, TE ( T, λ)| ordinary obj. = εobject .BB ( T, λ). 

n other words, the spectral behavior of the TE ( T, λ) function of the

rdinary objects with respect to the wavelength will, as expected, 

e similar to the function BB ( T, λ) shown by the black dashed 

pectral curve in the figure. When the temperature of the ordinary 

bject increases, while the emissivity remains constant, the black- 

ody function increases, and as a result, the thermal emission in- 

reases. This usual radiation characteristic can be transformed into 

 variety of non-monotonous forms thanks to a very thin film coat- 

ng on the object, shown by the solid blue spectral curve as an 

xample in the figure. 

When thin film is coated on the object, the emissivity εeff( T , λ)

f the “film + object” can vary with temperature and/or wavelength 

epending on the film properties (geometry, material components) 

nd interaction with the object. As a result, the usual attitude of 

he thermal emission can be deliberately extraordinary. 

In the figure above, we will model the situation when the 

lanar VO 2 thin film (90 nm thick VO 2 layer on the sap- 

hire substrate) is coated on the object. However, the approach 

ere applies to any thin film structure on any object, regard- 

ess of whether the film is structured or planar. The εeff( T, λ) 

f the “VO 2 thin film + object” can be modeled as ε e f f ( T , λ) = 

 3 
j=1 ε j ( T , λ) according to its components, which are schematized 

ith numbers labeled in the figure and expressed below [40] . 

Spectral emissivity contribution of VO 2 thin film in the forward 

irection labeled “1 ′′ (red colored) in the figure as 

 1 ( T , λ) = ε V O 2 ( T , λ) = 1 − R V O 2 ( T , λ) − T V O 2 ( T , λ) (4a) 

here R VO2 ( T, λ) and T VO2 ( T, λ) are the spectral reflectivity and

he transmissivity of the VO 2 thin film, respectively. Note that we 

lso apply Kirchhoff’s law here that εVO2 ( T, λ) = A VO2 ( T, λ) where

 VO2 ( T, λ) is the spectral absorptivity. 

Spectral emissivity contribution of VO 2 thin film in the backward 

irection labeled “2” (black colored) in the figure as 

 2 ( T , λ) = 

(
1 − ε obje ct 

)
.T VO 2 ( T , λ) .ε VO 2 ( T , λ) . (4b) 

Here, the reverse radiation from the VO 2 thin film to the object 

irection will be reflected back by multiplying the reflectivity of 

he object and then transmitted by the VO 2 thin film itself in the 

orward direction by multiplying the spectral transmissivity of the 

lm. We assume that the object is opaque and then the reflectivity 

f the object can be determined by 1- A object = 1- εobject . 

Spectral emissivity contribution of the object in the forward 

irection labeled “3” (green colored) in the figure as 

 3 ( T , λ) = T V O 2 ( T , λ) . ε ob ject . (4c) 

With this last term, it is clearly seen that the radiation emitted 

rom the object is modulated by the spectral transmissivity of the 

O 2 thin film as it travels forward through the film. 

Optical power density ( P/A ) perceived in the far field in an 

R imager operating between the wavelengths λ1 and λ2 can be 

alculated by integrating the spectral thermal emission in the 
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Fig. 3. Experimental setup for thermal emission. 
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perating wavelength range as follows 

P 

A 

= 

∫ λ2 

λ1 

TE ( T , λ) .dλ (5) 

here P is the optical power and A is the sensor area of the IR im-

ger. In this calculation, the atmosphere (the medium between the 

oated object and the IR imager) is considered to be transparent to 

he thermal radiation within the spectral range of interest. 

Finally, the optical power from the sample integrated on the IR 

mager wavelength range in (5) can be normalized with respect to 

he reference perfect blackbody radiation on the same imager. In 

his way, we can compute the average (band) emissivity given by 

 ε〉 = 

∫ λ2 

λ1 
TE ( T , λ) .dλ∫ λ2 

λ1 
BB ( T , λ) .dλ

. (6) 

.3. Measurement and simulation results 

The thermal emission measurement setup is shown in Fig. 3 . 

e utilize an MWIR thermal microscope (QFI InfraScope TM-HST), 

here the details about the measurement system are specified 

n the materials and methods section. The main purpose of our 

easurement in the 3–5 μm MWIR band is to examine the optical 

nteraction with the objects under the VO 2 thin film in detail, 

ince the sapphire substrate underlying the VO 2 layer is transpar- 

nt in this band. We select two different objects with extreme 

bject emissivities to represent a wide variety of ordinary objects 

hat exist in nature, and we perform thermal microscopy measure- 

ents while the VO 2 thin film is on these objects. Accordingly, as 

hown in the figure, the black calibration tool ( εobject = 0.95) of the 

hermal microscope is used for the high emissivity (blackbody- 

ike) object (Object 1), while the metal chuck (heating stage) of 

he thermal microscope ( εobject = 0.20) is employed for the low 

missivity (metal) object (Object 2). 
5 
The measurement and simulation results of the average (band) 

missivities in the MWIR spectrum are shown in Fig. 4 as the tem- 

erature increases (heating: T ↑ from 25 °C to 90 °C) and decreases 

cooling: T ↓ from 90 °C to 25 °C) while the VO 2 thin film is on

wo different objects. 

When the VO 2 thin film is on the blackbody-like object 

 Fig. 4 (a)) and metal object ( Fig. 4 (c)), the experimental band

missivities are acquired during the heating and cooling by ther- 

al microscopy described in the materials and methods section. In 

he simulation part, TMM electromagnetic simulations are carried 

ut for the VO 2 thin film geometry (90 nm thick VO 2 on the sap-

hire substrate) under the normal incidence of MWIR wavelengths. 

he optical parameters of VO 2 at MWIR spectrum are taken from 

ig. 1 (e) to Fig. 1 (h) at the respective heating/cooling temperatures. 

ince the sapphire is lossless in the MWIR, the refractive index in 

he electromagnetic simulations here is set to a constant 1.70 [27] . 

hen, the spectral reflectivity and transmissivity of the VO 2 thin 

lm, R VO2 ( T, λ) and T VO2 ( T, λ), are found. Next, the spectral emis-

ivity contributions modeled in (4a)-(4c) are computed. Finally, 

he simulated average emissivities are obtained with the help of 

9) when the VO 2 thin film is on the Object 1 ( Fig. 4 (b)) and on

he Object 2 ( Fig. 4 (d)). We have a pretty good agreement between

he simulations and the measurements. The minor discrepancies 

etween them are due to the imperfect experimental conditions. 

ooking at these experimental and simulation findings carefully, 

e can elucidate the following observations and evaluations: 

i) Thanks to the thin VO 2 layer (~λ/45), the MWIR radiation 

haracteristic of the ordinary objects under the film is engineered 

n an unusual way. (ii) Owing to the interaction with the thin film 

laced on Object 1, which behaves close to the blackbody without 

he film and has a high average emissivity of 0.95, the average 

missivity in the MWIR band decreases by about 50% as the tem- 

erature rises. That is, the average emissivity, which is 0.8 at room 

emperature, decreases to 0.4 at T = 90 °C ( Fig. 4 (a) and Fig. 4 (b)).
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Fig. 4. Average (band) emissivity in MWIR for two different objects. (a) Experimental and (b) simulated average emissivity when the VO 2 film is on the blackbody-like 

object. (c) Experimental and (d) simulated average emissivity when the VO 2 film is on the metal object. 
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n addition, this falling rate occurs with a steep slope in the phase 

ransition region of VO 2 . (iii) The average emissivity of the coated 

bject 2 in the MWIR band exceeds the bare Object 2 value of 

.20 as the temperature rises due to the natural metamaterial 

ehavior of the VO 2 during the phase transition ( Fig. 4 (c) and 

ig. 4 (d)). (iv) In the case of both objects, the inherent hysteric 

ehavior of VO 2 happens between heating (red curves) and cooling 

blue curves), especially at the phase transition temperatures. (v) 

t temperatures above about 75-80 °, where VO 2 is all metal, the 

ame average emissivity (~ 0.4) is obtained regardless of whether 

he object under the VO 2 thin film is like a blackbody or a metal.

ince the VO 2 layer is completely metallized at the aforemen- 

ioned temperatures, the MWIR radiation of the underlying object 

annot be transmitted, so the average emissivity of the system 

urns into a state that can only be determined by the emissivity 

f the VO 2 thin film, regardless of the underlying object. 

To better figure out the physical causes behind the 

emperature-dependent changes in the average emissivity men- 

ioned above, we perform additional theoretical calculations with 

he TMM electromagnetic simulations as shown in Fig. 5 and 

ig. 6 . In Fig. 5 , as a result of these TMM electromagnetic simu-

ations, the spectral reflectivity, transmissivity, and absorptivity of 

he VO 2 thin film alone without an object underneath are exhib- 

ted in 3D plots to better visualize the impacts of the alterations 

n the wavelength and the temperature. In the spectral graphs 

uring heating ( Fig. 5 (a)- Fig. 5 (c)), at low temperatures, VO 2 is an

nsulator and, therefore, R VO2 ( T, λ) is low and T VO2 ( T, λ) is high

s expected. With the onset of the phase transition of VO 2 from 

nsulator to metal due to the temperature increase, R VO2 ( T, λ) rises 

apidly and T VO2 ( T, λ) decreases abruptly. The spectral absorptivity, 

hich is equal to spectral emissivity, can easily be computed by 

4a) as discussed earlier. Given in Fig. 5 (c), the relatively faint 

bsorptivity value at low temperatures enhances with a steep 
j

6 
lope at intermediate transition temperatures and finally saturates 

o a relatively larger value at higher temperatures. Conversely, 

hile the temperature drops from 90 °C to 25 °C (cooling), as 

hown in Fig. 5 (d)- Fig. 5 (f), the opposite of the above events

uring the heating takes place with a certain hysteresis in the 

ransition zone. As a common feature for all graphs, it is possible 

o claim that the spectral change of the parameters at a constant 

emperature is gradual rather than sudden changes with respect 

o the temperature at any fixed wavelength in the MWIR. 

As visualized in Fig. 6 , we can estimate the temperature and 

avelength dependent effective spectral emissivity ε e f f ( T , λ) = 

 3 
j=1 ε j ( T , λ) during the heating and cooling periods, when dif- 

erent objects are placed under the film whose 3D spectral proper- 

ies are detailed above. Consistent with our experimental and sim- 

lation findings regarding the band emissivity explained previously 

 Fig. 4 ), we can shed light here on the following points: (i) Since

he transparency, T VO2 ( T, λ), of the VO 2 thin film is much higher at

ow temperatures when the VO 2 layer is insulator (seen in Fig. 5 (b) 

nd Fig. 5 (e)), the εeff( T, λ) is determined by the emissivity of 

he underlying object regardless of the temperature direction. That 

s, ε e f f ( T , λ) ≈ ε 3 ( T , λ) = T V O 2 ( T , λ) . ε ob ject . (ii) At temperatures 

bove 75–80 °, where VO 2 is all metal T VO2 ( T , λ), is very low, so

he underlying object’s radiation is masked, and only εVO2 ( T, λ) (in 

ig. 5 (c) and Fig. 5 (f)) determines the εeff( T , λ). (iii) At the interme-

iate temperatures where VO 2 is a mixed material, different effects 

ccur according to the objects. In the case of a blackbody-like ob- 

ect ( Fig. 6 (a) and Fig. 6 (b)), the impact of the high emissivity of

he object, which dominates in the lower temperatures, gradually 

isappears as the temperature rises. However, the metal object re- 

ects backward radiation from the VO 2 thin film, which rises with 

ncreasing temperature, in the forward direction as long as the thin 

lm has transparency due to the mirror-like effect of the metal ob- 

ect, causing the effective emissivity to increase in the transition 
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Fig. 5. Spectral characteristics of VO 2 thin film (90 nm VO 2 on sapphire) with respect to temperature. During heating: (a) Spectral reflectivity R VO2 ( T, λ), (b) spectral 

transmissivity T VO2 ( T, λ) and (c) spectral absorptivity A VO2 ( T, λ). During cooling: (d) Spectral reflectivity R VO2 ( T, λ), (e) spectral transmissivity T VO2 ( T, λ), and (f) spectral 

absorptivity A VO2 ( T, λ). 

Fig. 6. Effective spectral emissivity ( εeff( T, λ)) characteristics with respect to temperature. εeff( T, λ) of VO 2 film on the blackbody-like object during (a) heating and (b) 

cooling. εeff( T, λ) of VO 2 film on the metal object during (c) heating and (d) cooling. 
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egion ( Fig. 6 (c) and Fig. 6 (d)). In other words, the low IR radiation

f the metal object is boosted at certain temperatures by the phase 

ransition of VO 2 . (iv) In the case of both objects, the aforemen- 

ioned natural hysteric behavior of VO 2 is observed in all graphs, 

articularly at the phase transition temperatures. 

To highlight the impact of the VO 2 thin film on the surface 

emperature measured by IR methods, we conduct additional ex- 
7 
erimental studies as shown in Fig. 7 and Fig. S2. In Fig. 7 (a), we

lace the sample on the object (Object 1) that behaves like a black- 

ody. The 5 mm x 5 mm sample shown in Fig. 7 (b) is essentially

O 2 thin film (90 nm VO 2 on the sapphire substrate). Utilizing 

lectron beam evaporation, 150 nm thick gold (Au) is deposited 

n this sample in some places that appear yellow. With the 12x 

ens of the thermal microscope, we focus on the 1 mm x 1 mm 
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Fig. 7. Surface temperature measurements with respect to increasing stage temperatures ( T stage ). (a) Measurement setup where the sample is on the blackbody-like object, 

(b) x-y view of the sample where the yellow regions are 150 nm thick Au coated on the VO 2 thin film and the black dotted square is the focus area under the thermal 

microscope and (c) Measured 1D surface temperatures with respect to x at constant mid y value in the focused region as the T stage increases. 
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quare (the black dotted area in Fig. 7 (b)) and obtain the surface 

emperature map of this region via the thermal microscope in the 

WIR band while the temperature of the heating stage ( T stage ) is 

hanged from low (50 °C) to high (95 °C). In the thermal micro- 

cope system, we fix the emissivity value of the sample to the 

alue measured at T stage = 50 °C for subsequent temperature mea- 

urements at T stage = 60 °C, 70 °C, 80 °C, and 95 °C. The location

hat we choose for the area of focus is of particular importance. 

n this way, as shown in Fig. 7 (b), the focused region at this lo-

ation exhibits the characteristic that the left half is the VO 2 thin 

lm and the right half is the optically thick (150 nm) Au on the 

lm. While the emissivity of the optically thick gold-coated por- 

ion does not vary significantly in the temperature range, the be- 

avior of the VO 2 thin film on Object 1 does change apprecia- 

ly as revealed previously. Therefore, we will be able to experi- 

entally demonstrate how two different surfaces on the same ob- 

ect, one with constant emissivity (optically thick Au on the VO 2 

hin film) and the other with the emissivity varying with tem- 

erature (VO 2 thin film), can change the actual temperature of 

he object on their surface with thermographic temperature mea- 

urements in the MWIR band. The temperature maps obtained in 

his context are shown in Fig. 7 (c) and Fig. S2. Note that the sur-

ace temperature refers to the temperature measured or detected 

n the MWIR thermal microscope, while the stage temperature 

efers to the actual temperature (See Supplementary Material for 

etails). 
8 
Fig. 7 (c) shows the 1D surface temperatures with respect to x at 

onstant mid y value in the focused region as the T stage increases. 

ere, it is clearly seen that as the T stage rises, the surface tempera- 

ure measured from the Au part increases at almost the same val- 

es of T stage , while an extraordinary character is exhibited due to 

he VO 2 in the surface temperature measured from the VO 2 thin 

lm. Initially, when the VO 2 is an insulator at T stage = 60 °C, there

s almost no temperature difference (i.e. �T = T stage - T surface ), but af-

er VO 2 is heated beyond the critical phase transition temperature 

~68 °C), the �T increases significantly as VO 2 begins to trans- 

orm from insulator to metal. Therefore, when the VO 2 is com- 

letely metal at T stage = 95 °C, it is experimentally shown that the 

 surface detected by the MWIR thermal microscope is lowered as 

uch as about 20 °, i.e. T surface ~75 °C. The sudden and large jumps

n surface temperature at the boundary line where two different 

egions meet (at x = 500 μm) may be originating from the loss of 

easurement performance due to edge effect in the thermal mi- 

roscopy. In addition, relatively smaller temperature jumps around 

 = 550–600 μm can be called edge effects due to the rough- 

ess of the gold surface. Overall, with this experimental method, 

e can successfully compare quantitatively and visually how the 

urfaces mentioned above affect the thermographic temperature of 

 blackbody-like object, except for a few boundary lines where the 

dge effects occur. 

The surface temperature character of the focused area, mea- 

ured along the x and y axis, is also indicated in 3D in the Sup-
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[  
lementary Material (Fig. S2). Similar results, which we mentioned 

n the 1D graph above, are once again highlighted with 3D graph- 

cs, and when the temperature of the object behaving like a black 

ody increases, the perceived temperature of the MWIR thermal 

amera decreases thanks to the VO 2 coated surface. In other words, 

hermal camouflage is experimentally demonstrated in the MWIR 

and. 

Finally, we perform heat transfer simulations in the Supplemen- 

ary Material (Fig. S1) for the bare substrate (sapphire) of the VO 2 

hin film placed on Object 1 and Object 2, respectively. In the light 

f our findings, we see that the heater temperature is transmitted 

o the interface where the VO 2 is located with negligible losses. 

herefore, it is possible to safely claim that the heater temperature 

evels (25 °C-95 °C) that we employed in our theoretical and ex- 

erimental work above are felt at almost the same values in the 

opmost VO 2 layer regardless of the type of the object below. 

. Conclusions 

In conclusion, through comprehensive experimental and theo- 

etical methods, we investigated how a thin film containing VO 2 

oated on the ordinary objects can reconstruct the thermal emis- 

ion of these objects in a dynamic and reversible style. Utilizing 

he experimentally extracted dynamic optical properties of VO 2 , 

e have developed a generic model with a TMM electromagnetic 

imulation support for all thermal radiation processes reaching the 

R imager from various ordinary objects covered with VO 2 thin 

lm. We selected two different ordinary objects (blackbody-like 

nd metal) representing the emission range of ordinary objects 

nd made MWIR thermal microscopy measurements while the VO 2 

hin film was on them, applying temperature heating/cooling cy- 

les in the range of 25 °C-95 °C. We showed that the MWIR ther- 

al emission of ordinary objects under the film is unusually engi- 

eered by the interaction with the VO 2 thin film placed on these 

bjects. Our experiments and simulations have clarified that the 

ain factor of this extraordinary effect is the phase change of VO 2 

ith the applied temperature and, as a result, a drastic variation in 

ts infrared optical parameters. With this bizarre interaction, and 

ontrary to common sense, we have revealed that the emission of 

he low emittance object (metal) can be enhanced and the emis- 

ion of the high emittance object (blackbody-like) can be dimin- 

shed at the relevant temperatures. We also showed that thermal 

mission of the objects covered with thin VO 2 film at high temper- 

tures ( > 75 °C) is determined by only the VO 2 thin film since the

O 2 layer is completely metallized and the MWIR radiation of the 

nderlying object is masked. 

The thermal camouflage was experimentally demonstrated 

hrough thermographically measured 1D and 3D temperature maps 

n such a way that when the actual temperature of the object be- 

aving like a blackbody raised up to 95 °C, the temperature de- 

ected in the MWIR thermal camera was reduced by more than 

0% to about 75 °C due to the VO 2 thin film on this object. 

With the theoretical and experimental approach in our study, 

he usual thermal radiation of objects can be engineered into ex- 

raordinary dynamic and adaptive properties that have application 

otentials in various fields, such as thermal camouflage, sensors, 

tc., by designing structures in different geometries and patterns 

ontaining VO 2 . 
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