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A B S T R A C T   

In this paper, we present a new thin-film broadband nanostructured metamaterial absorber based on a graphene- 
coated plasmonic lossy metal–insulator–metal. Using the finite element method, we study the absorption 
properties of the proposed nanostructure and demonstrate the possibility of achieving an ultrabroad absorption 
spectrum by combining graphene and lossy metals. We demonstrate that graphene coating of the lossy metallic 
nano-disks improves the average absorption of the metamaterial by more than 10% while acts as a surface 
protection layer for the lossy metal films. Using the optimized design parameters and owing to the resonance 
coupling, a broad absorption from 400 nm to 2300 nm, particularly in the near-infrared region from 700 nm to 
2000 nm, with a nearly flat absorption curve and an average absorption of 95.25% and a maximum absorption of 
99.94% can be achieved. Other advantages of the proposed optical nano-absorber based on lossy metals instead 
of gold and silver include higher melting point (1668 ◦C compared to 1064 ◦C), the lower production cost of the 
metamaterial by using alternative materials, polarization insensitivity of the structure, and relative insensitivity 
to the radiation angle. In particular, the absorber maintains nearly an average of 90% absorptivity as the light 
incident angle reaches 30◦. The proposed graphene-coated absorber demonstrates broader and stronger ab
sorption, and much higher structural meting point compared to the previously reported thin-film based broad
band absorbers, resulting in a viable platform for broadband applications with higher stability and durability.   

Introduction 

Broadband absorbers based on thin films, which can absorb incident 
electromagnetic radiations at frequency bands in visible, near infrared, 
infrared, and terahertz regions, attracted significant attention in the 
recent years [1–4]. These broadband absorbers can improve the effi
ciency and the overall performance of many leading-edge technologies 
including thermal emission tailoring [1], solar energy harvesting [2,3], 
and electromagnetic-based water desalination and purification [4]. 
Despite their potential, broadband absorbers based on thin films are 
difficult to realize in practical applications because of several design 
barriers [3,5]. For example, in thin-film-based absorbers, complete ra
diation absorption occurs only near resonances with limited bandwidths 
[5,6]. Additionally, high reflection at the films’ interfaces with the 
surrounding environment, such as air or water, can prohibit absorbing 
incident radiation effectively [5,6]. 

Recently, metamaterials emerged as new potential platform to 

realize thin film based broadband absorbers thanks to their unique 
properties in controlling the electromagnetic radiations [5,6]. Meta
materials can be defined as periodic nanostructures which exhibit rare 
electromagnetic characteristics that cannot be found in conventional 
materials [6]. The absorption, scattering or extinction spectra of the 
metamaterials can be easily tuned by varying their design parameters, 
and as a result, shift their peak absorption or scattering to ultraviolet 
(UV), visible, infrared (IR) or even terahertz (THz) frequencies [7]. The 
combination of metamaterials and surface plasmon resonances (SPRs) 
can result in formation of plasmonic metamaterials. In plasmonic met
amaterials, surface plasmons can be excited as a result of the interaction 
of the incident light with the metal–insulator interface between nano
structures and surrounding insulator layer [7]. One of the easiest con
figurations to fabricate plasmonic metamaterials is the 
metal–insulator–metal (MIM) configuration which is usually based on 
gold and silver nanofilms combined with an insulator material like SiO2 
or Al2O3. 
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In recent years, various plasmonic metamaterial absorbers based on 
thin metal films have been studied and utilized as nearly-perfect ab
sorbers from the IR to the visible and UV ranges. Some of these studies 
also demonstrate wavelength insensitivity to the angle of incidence of 
incoming electromagnetic wave and incident light polarization [6,8,9]. 
Most of the metamaterials are based on gold (Au) and silver (Ag) as 
plasmonic material in the resonator layer. Usually, these metamaterial 
absorbers are only efficient within a very narrow band due to their 
narrow-band resonance property, which limits the application of these 
metamaterial absorbers for many practical scenarios. There are a few 
main strategies to achieve a large absorption bandwidth in thin-film 
plasmonic metamaterial absorbers. A common technique is to combine 
spectrally adjacent resonances which can be done by excitation of 
several multi-sized resonators at the same time [10]. While this tech
nique may lead to broader resonances, the number of the resonators one 
can use in the metamaterial structure is restricted because of the 
neighboring resonances competition [6,10]. Also, the absorption per
formance is sensitive to several structural design parameters, which can 
be hard to maintain in the fabrication process [10]. As such, scientists 
look for alternative solutions to broaden the resonance while main
taining simple metamaterial designs. 

One of the best possible solutions is to utilize a lossy plasmonic 
material instead of mainstream plasmonic materials (Au and Ag) as the 
resonator material [2,6]. For example, titanium (Ti), nickel (Ni), tung
sten (W) and magnesium (Mn) as lossy plasmonic materials can exhibit 
broader resonances compared to Au and Ag. Furthermore, they are far 
more cost-effective than their noble metal counterparts [6] which can 
help in scaling the production of the broadband absorbers. The ab
sorption range of the metamaterial absorber can be further broadened 
and enhanced by using graphene coating layers in the plasmonic met
amaterial structure. Graphene can not only offer improved absorption 
properties, but also can act as a surface protection coating layer for the 
plasmonic nanofilms [11–13]. Here, we propose a broadband thin film 
metamaterial absorber based on a graphene-coated plasmonic meta
material with MIM configuration via four different lossy materials (Ni, 
Ti, W, and Mn) for the resonators. Our proposed plasmonic metamaterial 
can offer a solution to the limitation of the conventional broadband thin- 
film absorbers by increasing the absorption efficiency and bandwidth, 
yet with simple MIM configuration. These combined advantages pave 
the way for achieving low-cost and ultra-broadband electromagnetic 
absorbers with potential applications in disruptive technologies like 
solar energy harvesting, thermal energy conversion, and surface 
disinfection. 

Design, materials, and methods 

The schematic of our thin-film graphene-coated metamaterial 
broadband absorber with lossy metals (Ni, Ti, Mn, and W), and the 

geometry of the unit cell of the plasmonic metamaterial are illustrated in 
Fig. 1a and 1b, respectively. Here, a broadband light source is consid
ered irradiating normally to the nanodisks surface. The broadband 
absorber consists of periodic nano-disk array made from a lossy metal, 
and an insulator layer metal film which is separated from the nano-disks 
(resonating layer) by a silicon dioxide (SiO2) dielectric layer. In con
ventional MIM configurations, Au is usually used as the ground material. 
In this work, the ground and the resonating layers (i.e., nano-disks) are 
considered of the same metal. The main reason for not using Au as the 
ground layer is its low melting point and higher production costs of Au 
[14]. For instance, conventional metamaterial and nanomaterial ab
sorbers that utilize noble metals (Au and Ag) suffer from structural 
damages caused by high temperatures resulting from strong plasmonic 
photo-thermal effect [14]. Using Ni, Ti, Mn or W as the bottom layer will 
provide stable metamaterial even under higher temperatures due to 
higher melting point of these metals compared to Au and Ag [15]. 

To this end, and by conducting intensive numerical investigations to 
optimize the proposed metamaterial configuration, the topmost nano- 
disks which are periodically distributed in x- and y-directions are 
considered with a gap size of g = 250 nm. Furthermore, in the unit cells 
the diameter and the thickness of the nano-disks are set to be d = 390 nm 
and td = 35 nm, respectively. 

Here a single graphene layer (tgraphene = Δ = 0.34 nm) is used to coat 
the plasmonic nano-disks which can offer advantages like improved 
surface stability of the lossy metals (no oxidation), and improve ab
sorption bandwidth and strength of the absorber (particularly in the 
visible range). The SiO2 insulator layer thickness is optimized to be tsi =
30 nm, and the ground lossy metal film has a thickness of tg = 120 nm, 
which can block almost all transmission in visible and near IR fre
quencies. In the unit cell, the lossy metals and SiO2 films have equal 
width and length (W = L = 600 nm). In this paper, we use three 
dimensional full-wave simulations have been performed via finite 
element method (FEM) applied with COMSOL Multiphysics software to 
verify the performance of the graphene-coated broadband absorber. In 
our FEM model, we model the structure by designing a single unit cell 
and applying periodic boundary conditions on the vertical sides of the 
cell which results in electromagnetic response for the whole periodic 
structure. In the model and for initial simulations, the incident wave is 
assumed to be a plane wave propagating normal to the surface and then 
we eventually examined various incident angles. In the metal-SiO2- 
metal-graphene configurations, the complex index of refraction of Ni, Ti, 
Mn, and W are obtained from the available experimental data [16,17]. 
The real and imaginary parts of dielectric functions of Ni, Ti, Mn, and W 
are plotted in Fig. 2a, 2b, 2c, and 2d, respectively, for reference. 

In our model, we consider the effect of the material dispersion of SiO2 
to improve the accuracy of the simulations. The refractive index of SiO2 
as a function of the incident light wavelength is given by the following 
Sellmeier’s equation [7], 

Fig. 1. (a) Schematic of our graphene-coated thin-film metamaterial broadband absorber with gap size g between nano-disks, and (b) The plasmonic metamaterial 
unit cell with nano-disk diameter d, width of the unit cell W, length of the unit cell L, thickness of lossy metal disks td, thickness of SiO2 layer tsi and thickness of 
ground layer lossy metal tg. 
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(1) 

where λ is the incident light wavelength. The single graphene coating 
film is modeled as an ultrathin layer with thickness Δ and effective bulk 
permittivity εeff. The effective permittivity of graphene is given by [18], 

εeff = ε0 −
Im(σs)

ωΔ
+ i

Re(σs)

ωΔ
(2) 

where ω = 2πf, and ε0 is the free space permittivity, Δ is the thickness 
of the graphene layer (0.34 nm) and σs is the graphene conductivity, 
given by [18], 

σs =
iq2

4πħ ln
(

2μc − (f + iτ− 1)ħ
2μc + (f + iτ− 1)ħ

)

+
iq2KBT

πħ2(f + iτ− 1)

(
μc

KBT
+ 2ln

(
e−

μc
KBT + 1

))

,

(3) 

The first term in Eq. (3) represents the interband conductivity of 
graphene while the second term demonstrate the intraband conductivity 
of graphene. In Eq. (3), q represents the electron charge, ħ is the reduced 
plank’s constant, τ is the scattering relaxation time, KB is the Boltzman 
constant, T represents temperature which is considered to be 300 K at 
this case, f expresses frequency, and finally μc is the graphene chemical 
potential which here considered to be 0.3 eV. In our model, the medium 
surrounding the broadband absorber is considered to be the air with unit 
refractive index in the simulations. 

Results and discussions 

Broadband absorption performance 

We calculate the absorption spectra of the proposed plasmonic 
absorber via a FEM model by obtaining transmission and reflection 
spectra of the structure. We first analyze the light absorption properties 
of the plasmonic nanostructure shown in Fig. 1a using a lossy metal- 
SiO2-lossy metal without graphene as a coating layer. As expected, the 
power transmission in visible and near IR regions were nearly zero 
through the metamaterial because of the relatively thick ground layer 
(120 nm) for all lossy metals. As such, we can obtain absorption spectra 
of the nanostructures in the visible and IR region by simply measuring 

the reflection spectra. Here however, we consider the weak transmission 
in visible and near IR regions for more accurate results and calculated 
absorbance (A) using both reflectance (R) and transmittance (T) as, A =
1 – R – T. 

The calculated absorption spectra of metal-SiO2-metal structure with 
various metals are presented in Fig. 3a. It is clear that the metamaterials 
with lossy metals have significantly broader resonances (absorption 
spectra) in the visible and infrared (IR) regions between 600 nm and 
2200 nm. Among all considered lossy metals, Ti and Mn possess the 
broadest absorption spectral range as demonstrated in Fig. 3b where the 
average absorption of all considered metals can be compared to each 
other. In particular, Ti-SiO2-Ti metamaterial exhibit a significantly 
broad absorption spectrum with two distinguished peaks at R1 = 855 nm 
and R2 = 1342 nm. The first resonance (R1) has a smaller full-width at 
half maximum (FWHM) while R2 is significantly broader and has a 
larger absorption magnitude compared to the first peak. 

To examine the role of graphene coating on the absorption properties 
of structure, we compare the absorption of the Ti-SiO2-Ti metamaterial 
with and without graphene coating in Fig. 4a. Based on the results of 
Fig. 4, graphene coating of Ti nano-disks improves the absorption 
magnitude and therefore broadness of the absorption of the nano
structure in visible and near IR regions. Another difference we observe 
in the simulations is that the absorption peak for both resonances 
redshift by introducing graphene coating (R1 from 855 to 881 nm and R2 
from 1342 to 1362 nm). In addition, the numerical simulations 
demonstrate that graphene-coated nanostructure have significantly 
higher average absorption magnitude in the visible and near IR region 
compared to nanostructure without graphene coating as demonstrated 
in Fig. 4b. The improvement in the absorption broadness and magnitude 
is probably due to different optical losses of graphene-Ti hybrid nano- 
disks compared to Ti nano-disks without graphene coating. 

Physical mechanism of resonances 

In this section, we explore the physical mechanism of resonances in 
the proposed nanostructure which can help us to fully understand the 
absorption properties of the device. As a result, the electric and magnetic 
fields around the absorption peak positions close to resonances (at 881 
nm resonance and 1362 nm resonance) have been analyzed in detail. 

Fig. 2. Real part (solid blue lines) and imaginary part (dashed orange lines) of dielectric function of lossy metals: (a) nickel, (b) titanium, (c) manganese, and (d) 
tungsten, as a function of wavelength. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5 illustrates the normalized electric (|Ex|) and magnetic (|Hy|) field 
distributions close to the nanostructure resonances (around R1 and R2) 
in x-y and x-z planes. These unique resonances can be explained as 
electric dipole resonances excited on the graphene-coated nano-disks or 
between the disks. 

The first resonance around R1 is a hybrid plasmonic mode which 
composed of surface plasmon polariton (SPP) resonance between the 
ground metal nanofilm and the silica nanofilm, and also localized sur
face plasmon resonance (LSPR) on the edges of the graphene-coated 
nano-disks. The coexistence of the SPP and LSPR resonances can be 
clearly seen from the dual magnetic field enhancement in both the 
adjacent graphene-coated nano-disks and the silica layers. The reso
nance mode at R2 is however a fundamental LSPR mode where the 
magnetic field is mainly trapped within the gap between the topmost 

graphene-coated nano-disks and the ground layer lossy metal nanofilm 
while there is no significant coupling between the graphene-coated 
nano-disks. 

It should be noted that most of the absorption in near IR region is 
coming from the graphene-coated lossy metal nano-disks as the ab
sorption of lossy metal ground layer is weak for λ greater than 900 nm 
which indicates that the lossy metal ground layer mainly operates as a 
mirror to reflect the incoming electromagnetic waves in these fre
quencies. In the visible wavelengths (and a small region inside near IR) 
where λ < 900 nm, the ground lossy layer can directly dissipate some of 
the light which can leads to the generated hybrid SPP-LSPR resonance 
around R1. 

The effects of the design parameters and incident angle on absorption 
properties 

The design parameters selected in this paper, including the previous 
simulations, are obtained by conducting numerical investigations to 
achieve the broadest possible absorption spectra. In this section, we 
study the design parameters’ role on the absorption spectra of the pro
posed plasmonic nanostructure. The considered design parameters are 
chosen large or small relative to the optimized values in this paper to 
clearly show the variations of absorption spectra based on using 
different design parameters. We illustrate the results of our numerical 
investigations in Fig. 6. First, we study the role of the thickness of the 
graphene-coated nano-disks on the absorption spectra in the proposed 
nanostructure, as illustrated in Fig. 6a. By increasing the thickness of 
graphene-coated nano-disks from 25 nm to 35 nm, the absorption peak 
close to R2, redshifts from 1316 nm to 1547 nm. The absorption peak 
around R1 also redshifts by increasing the nano-disks thickness with 
much smaller values than R2. Next, the role of the thickness of silica 
insulator film is studied in Fig. 6b. By increasing the thickness of the 
silica layer from 150 nm to 170 nm, the absorption maximum 

Fig. 3. (a) Broadband absorption of lossy metal-SiO2-lossy metal nanostructure with various lossy metals and optimized design parameters described in section 2 
compared to Au-SiO2-Au structure. (b) Comparison between average absorption of various lossy metals and Au between 600 and 2200 nm wavelength range. 

Fig. 4. (a) Normalized absorption of the proposed Ti-SiO2-Ti-graphene metamaterial absorber with and without graphene coating of Ti nano-disks between 400 nm 
and 2000 nm. (b) Comparison between average absorption of the metamaterial absorbers with and without graphene coating of Ti nano-disks. 

Fig. 5. The distributions of electric |Ex| and magnetic |Hy| fields in the pro
posed nanostructured graphene-coated broadband absorber around two reso
nances (R1 and R2) in the x-y (first column), and y-z (second and third 
columns) planes. 
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wavelengths around R1 and R2 shift towards the longer wavelengths. 
However, the magnitude of the absorption peaks reduces slightly. 
Finally, the effect of graphene-coated nano-disk diameters on the ab
sorption spectra of the proposed nanostructure is studied in detail in 
Fig. 6c. Interestingly, slight variation in the diameter of the nano-disks 
does not significantly affect the location, intensity, or broadness of the 
resonances in our structure. It should be noted that according to these 
results, small changes in design parameters like thickness of films (±5 
nm) which can be happen because of the fabrication-induced imper
fections cannot change the absorption spectra of our proposed broad
band absorber by much. 

In previous sections, we studied a situation when the incident light is 
normal to the surface of the metamaterial absorber. As the incident 
angle in industrial applications can be oblique [19], we investigate the 
absorption spectra of the proposed metamaterial for non-normal inci
dence. To this end, we perform full-wave simulations with varying 
incident angles and demonstrate the results in a contour plot. As seen in 
Fig. 7, the absorption spectrum is nearly robust for a relatively wide 
range of incident angles. Our numerical studies reveal that the ultra- 
broadband absorption spectra can be achieved when the angle of inci
dence is below 30◦. It should be noted that the absorption still remains 
around 90% even when the incident angle reaches 30◦. Therefore, our 
proposed broadband absorber is relatively insensitive to small variations 
in the design parameters (fabrication-induced imperfections) and angle 
of incidence which makes it more attractive for various real-world 
applications. 

Conclusions 

In summary, different broadband plasmonic metamaterial absorbers 
in metal–insulator-metal structure using various lossy metals with high 
melting points including titanium (Ti), nickel (Ni), tungsten (W) and 
magnesium (Mn) have been studied in detail. We demonstrated that the 
combination of Ti as the lossy material in nano-disks, and graphene as a 
coating material can result in extremely broad and efficient light ab
sorption in the visible and near-infrared regions. We particularly showed 
that using graphene as a coating layer for lossy-metal nano-disks im
proves the average absorption of the plasmonic nanostructure by more 
than 10% while offer surface protection and stability as a coating layer 
for the lossy metals. Using the optimized design parameters, a broad 
absorption spectrum ranging from 400 nm to 2200 nm (with a flat ab
sorption with more than 95% average absorption from 700 nm to 2000 
nm) can be achieved. We also demonstrated that the platform is almost 
insensitive to variations in the incident angle, or small fabrication- 
induced imperfections. The findings of this work hold promising po
tential to develop efficient and practical broadband absorbers in various 
industries, including solar absorbers, enabling different applications. 
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