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Abstract

A highly efficient absorption in the short wavelength infrared (SWIR) spectral region is essential for the advancement of
technologies in energy harvesting, infrared detection, and thermal emission. This study presents a polymer-coated multilayer perfect
absorber metamaterial (MPA) with enhanced performance in the SWIR range. The MPA structure comprises four layers: a
Polymethyl Methacrylate (PMMA) polymer top layer, an array of circular Titanium Nitride (TiN) disks as the second layer, thin
film of Zinc Oxide (ZnO) as the dielectric middle layer, and a thin Titanium Nitride (TiN) film as the bottom metallic layer. Our
findings demonstrate that this MPA achieves near-perfect absorption of 99% at a wavelength of 1.3 um. The absorption
characteristics are further investigated with respect to various structural parameters to ensure better performance of the absorber.
The absorber holds great potential for applications in energy absorption, infrared sensing, thermal emission, and related fields.

Keywords- Perfect absorber, Metamaterials, SWIR, LSPR resonance, Titanium nitride (TiN), Optical materials.

1. Introduction

Metamaterials are artificially engineered materials designed to possess unconventional properties not found
in natural substances, such as negative perfect absorption (Landy et al., 2008; Shrivastava et al., 2023;
Wang et al., 2024a), epsilon zero effect (Pianelli et al., 2024; Rensberg et al., 2017), refractive index (Kaina
et al., 2015; Khouser and Choukiker, 2024), modification of emission (Kumar et al., 2018; Kumar and
Mitra, 2023; Shrivastava et al., 2018) etc. Metamaterials with near-total absorption within specific
electromagnetic spectral regions, known as metamaterial perfect absorbers (MPAs), have wide applications
in stealth technology (Abdulkarim et al., 2020), thermal emission (Landy et al., 2008), solar cells (Jeon et
al., 2015; Wu et al., 2023), bolometers (Dao et al., 2019), and sensing (Ren et al., 2020; Shakiba et al.,
2024; Xiong et al., 2022). Metamaterials are generally structured as three layers—metal, dielectric and
metal. The top layer is made with the periodic pattern of metallic structure (resonant layer), and middle
(spacer layer) and bottom layer are formed by the plane thin film of dielectric and metal materials
respectively (Chai et al., 2022; Farooq et al., 2022; Rhee et al., 2014). Perfect absorption in these structures
arises when incident electromagnetic waves interact with the resonant metallic structure, creating opposing
currents in both the upper and bottom metal films, which induces magnetic field in the spacer layer. By
optimizing both electric and magnetic resonances, MPAs can achieve impedance matching with the
surrounding environment, leading to reduced reflectance and enhanced absorption(Wang et al., 2024b).

Noble Metals (i.e. gold, silver, aluminium, and copper) are excellent in light absorption due to their unique
optical properties make them useful in high-performance metamaterial absorber development. Their strong
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resonances, driven by surface plasmon resonances (SPRs), enhance absorption efficiency by collectively
oscillating free electrons in response to incident electromagnetic waves. These metals boast the highest
light absorption efficiency across visible, near-infrared (NIR), and short-infrared spectrums(Dubey et al.,
2022; Jaiswal et al., 2023; Watts et al., 2012; Yu et al., 2023). However, they are expensive, ohmic losses
contributing to heat generation, limited tunability, challenges in nanostructure fabrication, and
compatibility issues limit their multiple use (Chen et al., 2016; Sun et al., 2018). Thus, there's a demand for
alternative plasmonic materials for replacing noble metal to lower costs and to reduce ohmic losses. New
plasmonic materials like doped oxides and nitrides, such as transparent conducting oxides and transition
metal nitrides, offer reduced material loss and hold promise for constructing low-loss plasmonic and
metamaterial structures with sharper resonances and higher field concentrations. Due to its high corrosion
and temperature resistance, as well as mechanical strength and durability (Liu et al., 2018), TiN has grown
interest as a plasmonic layer in metamaterials. For instance, Liu et al. uses tin nitride (TiN) based structure
to obtain a perfect solar absorber (Liu et al., 2018). However, TiN did not used as plasmonic layer for
absorbing SWIR spectral region.

In this paper, we propose a novel design for a four-layer multilayered Metamaterial Perfect Absorber
(MPA) aimed at achieving near-unity absorption centered on the 1.3 um SWIR spectral region. The
structure consists of a top layer of polymethyl methacrylate (PMMA) coating an array of titanium nitride
(TiN) disks, followed by a Zinc Oxide (ZnO) dielectric spacer in the middle, and a thin-film TiN layer at
the base. This arrangement—PMMAJ/TiN/ZnO/TiN—defines the multilayer composition of the MPA.

Zinc Oxide (ZnO) was selected as the spacer layer due to its beneficial properties: a high dielectric constant
(~2.1) that enables strong electric field confinement to support resonances for near-unity absorption, broad
optical transparency to minimize unwanted absorption, and compatibility with plasmonic materials like
Titanium Nitride (TiN), enhancing structural stability and thermal resilience. These attributes make ZnO
an ideal choice for achieving targeted SWIR absorption in the MPA design. The PMMA polymer coating,
serving as the topmost layer, further enhances the absorber’s performance by providing optimal
environmental stability, protecting the TiN disks, and allowing fine-tuning of resonances through its
refractive properties, which improve coupling with incident SWIR light. To our knowledge, no studies have
yet shown sharp absorption in the SWIR region using this particular structural design which makes it
potential research for applications in plasmonic sensor (Liu et al., 2010; Shrivastava et al., 2017), thermal
cooler/emitter (Chen et al., 2016; Hossain et al., 2015), stealth coatings that can conceal objects from
infrared detectors and night-vision devices (Kim et al., 2017; Sanli et al., 2024) etc.

2. Designing and Simulation

Figure 1(a) presents a cross-sectional view of the unit cell structure for the optimized metamaterial perfect
absorber (MPA) along the x-y plane, while Figure 1(b) provides the top view along the z-y plane. As
described earlier, the MPA is composed of four distinct layers. The top polymer layer is of Polymethyl
methacrylate (PMMA) followed by a two-dimensional Titanium Nitride (TiN) disk array and a bottom
conducting layer of TiN which is separated by a ZnO dielectric spacer layer. The MPA hereafter is denoted
by PMMA/TiN/ZnO/TiN. In Figure 1(a), the parameter ‘s’, ‘t’, ‘h’, and ‘g’ represent the thicknesses of the
PMMA film, TiN disk, ZnO dielectric middle flim, and TiN ground layer, respectively. The disc radius is
represented by ‘r’ and the period of the unit cell is denoted by ‘p’ respectively, as shown in Figure 1(a). The
optimized structural values are: p =300 nm, r = 110 nm, t = 25 nm, s =40 nm, h = 50 nm, and g = 100 nm.
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Figure 1. Schematic diagram of the unit cell for the PMMA/TiN/ZnO/TiN Metamaterial Perfect Absorber (MPA)
structure, showing (a) a cross-sectional view along the z-x plane and (b) a top view along the y-x planes. Here, ‘s’,
‘t’, ‘h’, and ‘g’ represent the thicknesses of the PMMA film, TiN disk, ZnO spacer layer, and TiN bottom layer,
respectively. The parameters ‘r’ and ‘p’ denote the disk radius and the periodicity of the unit cell.

A numerical simulation was carried out on the unit cell of the MPA using the finite-difference time-domain
(FDTD) method within COMSOL Multiphysics software to evaluate its resonant characteristics. A normally
incident electromagnetic wave, directed along the z-axis, was used to illuminate the top xy-plane of the
structure. Unit cells were configured in the xy-plane to create an infinite array, with boundary conditions
applied accordingly. The dielectric permittivity for TiN, represented as ‘e(®)’, was determined using the
Drude-Lorentz dispersion model.
2
£(0) = £ +— 22 (1)

W 2-w?+ilw

In this model &, f,, w,, w, and I, represents background permittivity, oscillator strength, plasma frequency,
resonant frequency and damping frequency, respectively. The parameter values applied for TiN are as
follows: w,=1.2049¢16 rad/sec, I=2.2271el4 rad/sec, €4, =4.855 as given in reference(Naik et al., 2013).
The values of dielectric constant of PMMA and ZnO are obtained from the reference (Zhang et al., 2020)
and (Hakim et al., 2022) respectively. The absorption is further calculated from the following equation:

A(w) =1-R(w) —T(w) 2)

where, R (o) and T (w) represents the coefficient of reflection and transmission, respectively. The Equation
(2) can also be written as in terms of S-parameters:

A(w) =1~ S;1(@)]* = |Sz1(w)? (3)

where, S;;(w) represents the reflection coefficients and S,;(w) denotes the transmission coefficient,
respectively. The transmittance can be taken as zero due to presence of TiN in the proposed metamaterial
(i.e. Sy1(w) or T(w) = 0). Therefore, the absorption depends due to S;;(w) only. The Equation (3) can be
reduced to

Alw) =1 1S11(w)|? “

Thus, the absorption of the electromagnetic waves in the metamaterial absorber can be modify by tuning
its impedance.
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3. Results and Discussion

Figure 2 (a and b) show the simulated optical properties of the PMMA coated MPA (i.e.
PMMA/TiN/ZnO/TiN) and without PMMA coated MPA (i.e TiN/ZnO/TiN) structure in infra- red regions.
Figure 2(a) depicts the absorptance (A), transmittance (T), and reflectance (R) spectra of
PMMA/TiN/ZnO/TiN MPA in the range of 0.8- 2 um. It displays a distinct sharp absorption band in the
range of ~ 1 - 1.8 um covering most of the spectral range of SWIR region. It can be seen that the absorption
peak appeared at 1.3 pm (say Mode-A) with the absorptance intensity of > 99% and width ~ 0.15 pm.
Figure 2(b) depicts the absorptance (A), transmittance (T), and reflectance (R) spectra of TiN/ZnO/TiN
MPA in the range of 0.8- 2 um. It can be seen that the absorption peak appeared at 1.35 pm with absorption
intensity upto 80 % and have the peak width of 0.24 pm. This suggests that the polymer coated MPA
possesses nearly perfect absorption (> 99%) in SWIR spectral region in contrast to without polymer coated
MPA (~ 80%). Also, the coated MPA have sharper absorption peak which make more suitable for sensing
applications.

1.0

(a) [T}

—a—A
PMMA _._R
0.6 |71

ZnO
™ -

0.2 4

AR & T(a.u.)

0.0

0.8 1:0 1. 2 1.6
Wavelength(pm)

(b) P

-——A

1.0

.-..“‘-; ! /" =
;;v,f'&a / \

0.0 " .
0.8 1.0 12 1.4 16 1.8 2.0

Wavelength(pm)

AR & T(a.u.)

Figure 2. Simulated absorbance spectrum of (a) PMMA/TiIN/ZnO/TiN MPA and (b) TiN/ZnO/TiN MPA structure
for SWIR wavelength range. Parameters: thickness of spacer layer h= 50 nm disk thickness t= 25 nm, thickness of
bottom layer g= 100 nm, disk radius r = 110 nm, and period p = 300 nm.

To understand the mechanism of the resonance absorption in the PMMA/TIN/ZnO/TiN MPA, the electric
and magnetic field intensity distributions along the X-Z plane are shown in Figure 3 (a and b). These results
clearly illustrate (i) the dipolar behavior of the electric field at the corners of the TiN disk (Figure 3(a))
and, (i1) the magnetic field at the middle of the ZnO spacer (Figure 3(b)), which are the characteristic of
fundamental dipole arising at 1.3 pm. Therefore, when the SWIR electromagnetic radiation impinges on
this structure, it excites the electric dipoles at the corners of the TiN disks due to their high conductivity
and plasmonic properties. This results in surface current fluxes at both the top TiN disk and the bottom TiN
layer, flowing in opposite directions. These anti-parallel currents create a circulating current that induces a
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strong magnetic field within the ZnO spacer, supporting simultaneous electric and magnetic resonances.
These resonances are essential for achieving impedance matching with free space, minimizing reflection,
and maximizing absorption of the incident waves. Additionally, the optimized thicknesses of the PMMA,
ZnO, and TiN layers ensure constructive and destructive interference effects that further enhance
absorption. Pradhan et al. (2020) also observed such interference effect in the dielectric coated metamaterial
(Pradhan et al., 2020). Thus, the combined effect of material properties and geometric design results in the
effective trapping and dissipation of electromagnetic energy, leading to near-perfect absorption of the
SWIR spectrum by the MPA.

To explore the absorption behavior in more detail, the MPA is analyzed by varying its geometric parameters.
Figure 4 (a-c) illustrates the absorbance spectra of the PMMA/TiIN/ZnO/TiN MPA as a function of the
PMMA layer thickness (s), TiN disk radius (r), and thickness of spacer (h). Figure 4(a) shows the
absorptance spectra of PMMA/TiN/ZnO/TiN MPA by increasing the thickness of PMMA coating from 20
nm to 80 nm. It indicates that the absorptance peak of fundamental mode increases on increasing the coating
thickness up to 40 nm and then decreases afterwards. It clear that an increase on coating thickness also
leads to a shifting of peak position from 1.22 to 1.34 um. Figure 4(b) show the variation of absorption
spectra of MPA with respect to the disk diameter (r). One can see that Mode-A is red-shifted significantly
with increasing the disk diameter which is typical nature of fundamental dipole mode. Figure 4(c) depicts
the absorbance spectra of MPA by increasing the spacer layer thickness from 20 nm to 60 nm. It indicates
that the absorbance intensity of fundamental mode increases on increasing the spacer layer thickness with
small shift in peak position. This confirms that the origin of the resonance mode arises from the
simultaneous excitation of both electric and magnetic fields.

(a) [E| @ 1.3pm

(b) [H| @ 1.3pm

Figure 3. (a) Normalized electric field (|E|) and (b) magnetic field (JH|) distribution of PMMA/TIN/ZnO/TiN MPA
along z-x plane.
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Figure 4. Simulated absorbance spectrum and the corresponding line plot of absorption peak position of
PMMAVJ/TIN/ZnO/TiN MPA at various:(a) thickness ‘s’ of PMMA coating, (b) disk radius ‘r’, (¢) spacer layer

4. Conclusions

thickness ‘h’.

In this study, we have designed a PMMA-coated perfect absorber metamaterial (PMMA/TiN/ZnO/TiN) that
achieves efficient absorption in the short-wavelength infrared (SWIR) region, addressing the need for
precise spectral control in this range. Using the finite-difference time-domain (FDTD) method, we analyzed
the absorption characteristics of this four-layer structure, which includes a periodic TiN disk array on a ZnO
dielectric spacer, with a TiN ground layer and a protective PMMA coating on top. Through optimization of
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key parameters—PMMA coating thickness, disk diameter, spacer layer height, and unit cell size—we
achieved near-perfect absorption (>99%) within the 1.25-1.35 um wavelength range. This study closes the
gap in high-absorption SWIR metamaterials by offering an optimized design with significant spectral
precision, supported by structural parameters such as a disk radius of 110 nm and thickness of 25 nm, a unit
cell size of 400 nm, a ZnO spacer thickness of 50 nm, and a TiN ground layer thickness of 100 nm at normal
incidence. This design’s robust performance demonstrates the potential of structured metamaterials for
applications like plasmonic sensors, thermal emitters, and stealth technology, where controlled SWIR
absorption is crucial.
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