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Abstract 

Phase transition materials offer exciting opportunities to dynamically control the optical properties of 

photonic devices. As a special phase change material (PCM), vanadium dioxide (VO2) is an excellent 

alternative for thermal camouflage technology research. Due to the unique property of VO2, coupled with 

the metallic structure can enable the design of thermally reconfigurable absorbers that allow resonance 

tuning. We propose a very simple, multi-layered with metamaterial excellent thermal emitter nanoantenna. 

The size of our design is only 1365 nm for the infrared wavelength range from 0.8 to 12 µm. Concept silver 

(Ag), VO2, dielectric separator and silver (Ag) configuration are used for finite difference time domain 

(FDTD) analysis. The absorption band can be further expanded with more deposition layers with various 

metals. In this paper, a thermal camouflage mid-infrared adaptive metamaterial antenna based on a PCM 

metamaterial is designed to fit perfectly into atmospheric windows. The spectral properties of the structure 

were calculated using FDTD method. The distinctive feature of the proposed structure is that adaptations 

can be made by placing an ultra-thin VO2 interlayer between the metallic structures. We believe that the 

proposed design is very promising in terms of simple fabrication and modifiable aspects for wide-area 

broadband unity absorption. 
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1. Introduction 

Thermal camouflage technology is a study that ensures that objects (individuals, 

warplanes, navy ships, tanks, etc.) that leaves thermal traces by emitting heat are invisible 

to threats from thermal cameras, heat-seeking missiles, or other thermal detection 

equipment, thus preventing them from being targeted [1 -3]. It’s basic working principle 

is based on Plank's Law. According to Plank's law, objects that are not at absolute zero 

temperature, which is -273.15 °C, continue to radiate heat to the outside environment [4]. 

Because of this radiated heat, their thermal traces can be detected, so they can be targeted. 

The temperature of the human body has been found to be 37°C in ideal conditions, 

engines of fighter jets around 700°C [5], navy ships and airplane exhaust pipes around 

450°C [6,7]. It is easy to detect objects with these values by thermal scanning systems and 

then they can become targets. For these reasons, thermal camouflage technology is 

urgently demanded. The heat emitted by objects above absolute zero occurs mostly in the 

mid-infrared region (5-40 µm [8]) and in the near-infrared region (0.7-5 µm [8]). The 

provision of thermal camouflage on heat radiating objects can be achieved by controlling 

the radiated heat emission in these spectral regions. For this purpose, many different 

meta-materials or structures such as films have been designed at the nanoscale. With the 

help of these structures, the heat emission of the object to be protected can be moved 

outside the working spectrum of the thermal scanning devices or to the non-transmissive 

region (5-8 µm [9-14]), or the structure can absorb this heat. In this way, the targets can 

be protected by making them invisible. 

In this study, a nano-sized metamaterial with a VO2 film that emits at selective 

wavelengths in the non-transmissive region is presented. With its impressive properties 

and behavior, VO2 offers a significant broadening of resonance peaks, especially in the 

non-transmissive region. In this way, it is possible to expand the invisibility spectrum of 

the targeted object. The 1516 nm narrow band resonance peak and the 6724 nm wide band 

resonance peak we obtained in the simulations performed at 363 K; In addition, the 

narrow band resonance peaks at 1513 and 2192 nm and the broad band resonance peak 

at 6422 nm, which is performed at 300 K, perfectly match the conditions of the spectral 

regions mentioned above. 

2. Materials and Methods 

The three-dimensional design of the presented nanostructure is shown in Figure 1. 

Numerical calculations were conducted within the design and simulations with a 

commercial finite difference time domain (FDTD) software. Within the structure, there 

are two silver (Ag) layers, the nanostructure, and the lower substrate, with refractive 

index data taken from the CRC Handbook of Chemistry and Physics [15]. Between the 

Ag layers, there is a dielectric layer with a refractive index of 1.46 and VO2. The simulation 
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temperature was determined as 363 K (90 °C) and 300 K (25 °C), respectively, in order to 

better observe the phase change (metal and insulator) properties of VO2. The spectral 

region of 0.8 - 12 µm, located in the infrared region, was chosen as the source, and 

illuminated in the backward "z" direction ("-z") with a regular planar wave. The 

thicknesses of the materials used in the design in the "z" direction, from top to bottom, 

are as follows: 

• Upper Ag layer (tAg): 160 nm, 

• VO2 layer (tVO2): 5 nm, 

• Dielectric layer (tD): 15 nm, 

• Sub-Ag layer (tSUB): 100 nm. 

The boundary conditions of the simulation were determined periodically along the "x" 

and "y" axes. The period is 1365 nm and the width values of the materials are determined 

as follows: 

• Upper Ag layer (WAg): 1100 nm, 

• VO2 layer (WVO2): 1100 nm, 

• Dielectric layer: 1365 nm, 

• Sub-Ag layer (substrate): 1365 nm 

 

 
Figure 1: 3D Design of nanoantenna. 

3. Results 

VO2 is a material that behaves differently depending on the temperature it is exposed to. 

VO2 shows two different modes above and below the critical threshold of 68 °C. One of 
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these modes is known as insulator mode below 68 °C and metal mode above [16]. And in 

Figure 2, the refractive indices of the materials belonging to these two modes are given. 

Thanks to this phase change material, it can be used to provide thermal camouflage for 

an individual with a body temperature of 37 ˚C or to hide a fighter jet engine operating 

at 700 °C, without the need for redesigns. The absorption values of VO2, which can act as 

a metal and insulator, at 90 °C and 27 °C are shown in Figure 4 within the spectrum 

including the atmospheric non-transmissive region between 5-8 µm.  

 

 

Figure 2: VO2 refractive indices of metal and insulator mods. [16] 

 

Figures 3 and 4 show the absorption values of the proposed metamaterial antenna at 300 

K (insulator mode) and 363 K (metal mode), respectively, depending on wavelength. 

Temperature is the main cause of the change in resonance peaks. In addition, it has been 

observed that the width, height, briefly the geometrical characteristics of the layers inside 

the structure can also affect the absorption. 
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Figure 3: Thermal absorption graph of purposed metamaterial antenna at 300K temperature. 

In Figure 3, VO2 at 300 K was acting in insulator mode, while the presented metamaterial 

antenna showed two narrow band resonance peaks, first at emissivity (ε) = 0.88 with a 

peak at 1513 nm and then at ε = 0.97 with a peak at 2192 nm. In the insulator mode, a 

broadband resonance peak was observed at ε = 0.99 with a peak of 6422 nm in the non-

transmissive region. 

In Figure 4, as a result of the simulations, the presented metamaterial antenna behaved 

in the VO2 metal mode at 363 K, and firstly showed a narrow band resonance peak 

reaching almost the maximum absorption at ε = 0.98 at 1516 nm. In following atmospheric 

non-transmissive region, a broad band resonance peak which is at 6724 nm with ε = 0.89 

in the non-transmissive region, which is the critical region for thermal camouflage and 

the region between 5-8µm where absorption reaches its maximum. 

In Figure 5, the absorption data obtained in metal and insulator modes, while the 

presented metamaterial antenna with VO2 layer is operating at 363 K and 300 K, is 

intertwined with data representing atmospheric absorption values.  
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Figure 4: Thermal absorption graph of purposed metamaterial antenna at 363K temperature. 

  

In addition to broadband absorption in the non-transmissive region, the metamaterial 

antenna also showed high absorption narrow band resonance peaks in the non-

transmissive region between 1.4–1.9 µm and broad band resonance peaks in the non-

transmissive region between 5–8 µm. 

 
Figure 5: The simulated incidence Absorptivity/Emissivity spectrum. A: Atmospheric 

transmissive/non-transmissive window, B: Purposed metamaterial antenna for VO2 insulator 

mode, C: Purposed metamaterial antenna for VO2 metal mode. 
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4. Discussion and Conclusion 

As conclusion, in this study, we present a multilayer absorber metamaterial consisting of 

VO2, Ag and dielectric layers. Besides, it has dual absorptivity/emissivity resonance 

peaks. VO2 was analyzed numerically together with the dielectric layer between the metal 

Ag layers and the temperature-dependent changes were visualized in the relevant 

spectral regions. The width and depth of the resonance peaks, in addition to being 

directly affected by the temperature-dependent behavior of VO2, also vary depending on 

the height and width of the layers in the structure, the boundary conditions in which the 

experiment is conducted, and the periodicity.  In the further stages of the research, it is 

aimed to include all resonance values in the atmospheric absorption area and to further 

expand the resonance peaks in the non-transmissive region. As can be seen from the 

obtained data, it has been observed that the designed metamaterial antenna has high 

absorption peaks in the atmospheric non-transmissive region. A situation has been 

presented where the absorption values of the determined peaks approached the unit 

value, and therefore, thermal detectors could not detect it. Therefore, it has been 

presented that the designed metamaterial antenna can be used with high performance 

and efficiency in thermal camouflage applications in defense technologies. 
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