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Efficient and high‑quality 
absorption enhancement using 
epsilon‑near‑zero cylindrical 
nano‑shells constructed 
by graphene
Shiva Hayati Raad 2, Mehdi Afshari‑Bavil 1* & Dong Liu 1,3

This paper presents a detailed scattering analysis of a hollow-core plasmonic-shell cylindrical wire to 
design an efficient, compact, narrowband, and reconfigurable optical absorber. The shell is formed 
by a thin graphene material, investigated in its epsilon-near-zero (ENZ) plasmonic region. Compared 
to the graphene plasmonic resonances in the terahertz(THz)/far-infrared (FIR) frequencies, the ENZ 
plasmonic resonances offer a blue shift in the operating frequency of the second-order plasmonic 
resonances by increasing the geometrical dimensions. This feature is successfully used to design 
efficient optical wave absorbers with absorption cross-sections much larger than geometrical and 
scattering cross-sections. The observed blue shift in the resonance spectrum, which is the key point of 
the design, is further verified by defining each particle with its polarizability and fulfilling the resonant 
scattering condition in the framework of Mie’s theory. Furthermore, graphene relaxation time and 
chemical potential can be used to manipulate the absorption rate. Observed resonances have narrow 
widths, achieved with simple geometry. To consider more practical scenarios, the one-dimensional 
arrangement of the cylindrical elements as a dense and sparse array is also considered and the design 
key point regarding graphene quality is revealed. The quality factor of the sparse array resonance is 
2272.8 and it demands high-quality graphene material in design. It is also observed that due to the use 
of small particles in the design, the near-field and cooperative effects are not visible in the absorption 
cross-section of the array and a clear single peak is attained. This polarization-insensitive absorber can 
tolerate a wide range of incident angles with an absorption rate above 90%.

Localized surface plasmon resonances of noble metals can be excited in cylindrical geometries as a result of the 
material negative permittivity, provided by the bulk metal (e.g., gold and silver)1. These collective oscillations 
are damped due to the emission of their energy, leading to light scattering, or they are damped non-radiatively 
as a result of the conversion of the absorbed light into heat. Thus, they offer the feasibility of wave manipulation 
for a wide range of applications, by changing their size, shape, composition, and environment2,3. For instance, 
scattering cancelation, which is the base of the plasmonic cloaking, can be achieved using semiconductor/
metal core/shell nanowires as a result of anti-parallel local polarization vectors in the core and shell4. On the 
other side, scattering enhancement, essential for the super scattering phenomena, is the result of coinciding 
multipole resonances of the plasmonic wires5. It is also demonstrated that anomalous scattering, i.e. the enhanced 
and suppressed scattering, can be simultaneously observed in multilayer plasmonic cylinders in different 
wavelengths6. Furthermore, non-radiative plasmonic modes in metal-cladded dielectric cylinders with submicron 
diameters can be used to model coated tips in nearfield scanning optical microscopy7. Moreover, chemical and 
biological sensing applications of plasmonic devices arise from the dependencies of the resonance features on 
the surrounding environment8.
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Localized surface plasmon resonance can also be excited in two-dimensional curved graphene sheets, 
leading to low loss and reconfigurable light-matter interactions9. Thus, applications provided by the plasmonic 
metallic wires can be achieved by replacing the bulk metal with a thin cover10. For instance, substantial scattering 
reduction in the spectral window of the graphene-wrapped cylinders is proposed for tunable invisibility in far 
infrared frequencies11. Also, the electromagnetic wave field absorption enhancement in graphene wires occurs 
when the linearly polarized incident radiation resonantly excites plasmonic resonances12. The refractive index 
sensing capabilities of the graphene-wrapped wire/tubes are due to the resistive boundary, supporting the 
localized surface plasmon resonances13. Moreover, low loss and highly confined surface wave propagation can 
be obtained using electrically/magnetically biased graphene shells14.

Regarding the operating spectrum, the plasmonic resonances of the noble metals are excited in the visible-
near infrared-ultraviolet spectrum, where the losses are the main barrier to their practical usage15. The idea of 
engineering surface plasmons for lower frequencies, is suggested by cutting grooves on the metal surfaces16. 
On the other side, the plasmonic resonances of the graphene-based cylindrical devices are excited in the THz/
FIR wavelengths and they offer exotic properties such as low loss, high confinement, and tunability13,17. In 
general, the change in the plasmonic resonance frequency and amplitude of the graphene sheet is employed to 
suggest several related devices at the THz/FIR spectrum such as refractive index sensors, circular dichroism, 
polarizers, and modulators18–22. Benefiting from graphene plasmons at higher frequencies for emerging and 
potential applications, such as mid-infrared photodetectors and mid-infrared vibrational spectroscopy is of great 
interest23. Thus, the present research aims at the graphene-based absorber design above the THz/FIR spectrum.

There are two approaches to design high-frequency graphene-based device . In the first method, graphene 
is modeled by an equivalent dielectric24, and efficient graphene-based devices are obtained by coupling it with 
another resonance such as localized plasmons of metallic nanostructures and Tamm plasmon polaritons (TPPs), 
to increase the electric field around the graphene25,26. For instance, the absorption enhancement of the graphene 
sheet is achieved using a one-dimensional photonic crystal as the result of photon localization27. Also, by coupling 
the graphene sheet with a metal grating, an 85% enhancement in optical absorption is reported28. Moreover, 
the outer surface of a dielectric-metal core–shell resonator is wrapped with graphene material to enhance its 
optical absorption cross-section29. Alternatively, by wrapping the graphene around a metal-dielectric core–shell 
nanostructure, unconventional Fano resonance is observed in its absorption response30. Critical coupling with a 
guided mode resonance is another approach for achieving efficient absorption in graphene sheets31. Graphene-
based metamaterials also lie in this category32–34. In the second method, plasmonic resonances of the graphene at 
NIR–VIS are considered and their influence on the device performance is investigated. Importantly, the evidence 
for the existence of graphene surface plasmons on a tapered graphene-silicon waveguide tip is studied at a NIR 
wavelength, employing a surface carrier transfer method, which was impossible to illustrate using current solid 
back electrical gating and chemical doping methods35.

To propose novel graphene-based plasmonic devices far away from the THz/FIR frequencies, it is important 
to consider the wavelengths in which graphene’s equivalent bulk permittivity remains negative. This gate-tunable 
region is extended up to around the negative to positive permittivity transition frequency, where the device can 
also benefit from epsilon near zero constitutive parameter at the end of the interval36. The excited resonances are 
so-called epsilon-near-zero plasmonic resonances and have also been reported for thin conducting oxides such as 
indium thin oxide (ITO). The excitation of highly confined electromagnetic fields and ultrafast modulation speeds 
are reported in this region37–39. In the vicinity of the ENZ point, unlike the metals, graphene can support TE-like 
modes with the fractional energy confined to the graphene sheet40. Graphene can be an ideal indium-tin oxide 
substitute due to its enhanced electrical conductivity and high transparency in visible and near-infrared spectra. 
Solution-processed reduced graphene oxide sheets offer a large-area deposition method for this purpose41. Also, 
reduced graphene oxide micro-meshes are laser-patterned on a plastic substrate and are incorporated to improve 
and simultaneously tune the optoelectronic properties of graphene-based transparent conductive devices42.

The present research aims to use the ENZ plasmonic modes in graphene material to design compact, efficient, 
tunable, and narrowband optical wire absorbers. The design key point relies on observing the blue shift of the 
resonance spectrum by increasing the particle size, which makes it feasible to reach low-scattering absorbers 
due to the use of small particles in the design. This anomalous observation is due to the use of second-order 
plasmonic resonances in the design and it is also confirmed by employing Mie’s theory. The paper is organized 
as follows. In "Absorption enhancement using epsilon-near-zero cylindrical shells constructed by graphene" 
section, the absorption efficiency of a single infinite-length cylindrical particle with an ENZ shell is discussed 
and the graphene optical parameters selection guidelines are provided. Later, the idea is extended to a dense/
sparse array of particles in a one-dimensional arrangement and the impact of the interelement coupling in the 
absorption rate is revealed. Concluding remarks are mentioned in "Conclusion" section.

Absorption enhancement using epsilon‑near‑zero cylindrical shells constructed 
by graphene
In this section, the absorption efficiency of the cylindrical shells with near-zero negative permittivity, obtained 
by exploiting graphene material, is studied. The absorption efficiency is calculated regarding the geometrical size 
and scattering cross-section of the wire and the radius of the wire is selected such that both types of efficiencies 
are maximized. Then, a one-dimensional array of the investigated elements is considered, and control of the 
absorption rate regarding the quality of the available graphene material is discussed. The resonance quality factor 
for different array periodicities is also calculated.
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Absorption/scattering cross‑section of an isolated epsilon‑near‑zero shell
Let us consider a hollow core cylindrical wire with the radius R, coated with a graphene shell with the thickness 
δ = 1 nm, as shown in Fig. 1a. The selected thickness is based on the reported experimental data for the 
graphene sheets grown by chemical vapor deposition (CVD)26. Note that there are several methods for graphene 
production including: from graphite through mechanical and liquid phase exfoliation, chemical vapor deposition, 
solvothermal synthesis from organic compounds, chemical cross-linking of polycyclic aromatic hydrocarbons, 
thermal decomposition of SiC and carbon nanotube unzipping. The CVD is the most widely used method and 
it results in less defective films41. The extension of the analysis for the graphene shells with other thicknesses is 
straightforward. Note that graphene can be wrapped around cylindrical particles using the tape-assist transfer 
method, spin-coating method, and template-assisted method due to the van der Waals forces43–45.

To obtain the scattering and absorption cross sections, the device is simulated in the CST software package and 
it is analyzed by the frequency domain solver. For the sake of simulation, graphene is modeled by its equivalent 
dispersive bulk permittivity εg, achieved using the associated surface conductivity σ. The surface conductivity 
is calculated by the Kubo formulas as the summation of intra-band and inter-band contributions as follows46:

where E± = �ω ± 2µc and � is the reduced Planck’s constant, µc is the chemical potential of graphene, and e is 
the electron charge. Moreover, kB is Boltzmann’s constant, T is the temperature, Γ is the charge carrier scattering 
rate. If the graphene layer has a very small thickness in comparison to the excitation wavelength, its equivalent 
bulk permittivity can be calculated via Amper’s law as εg = iσ

/

ε0ω δ , where ε0 is the free-space permittivity and 
ω is the angular frequency. Note that by using the graphene material in the optical design, the layer thickness can 
be shrunk down to the multiples of carbon atom diameter (0.34 nm). The choice of the 1 nm thickness is inspired 
by the seminal research in this field, where it is indicated that as long as the considered thickness is extremely 
small in comparison to the excitation wavelength, its value is not essential. On the other hand, the same results 
can be obtained either with the 1 nm thick layer or an extremely fine one47. By using larger thicknesses in the 
numerical simulation, the high contrast between geometrical dimensions is avoided. Furthermore, modeling 
graphene with a 1 nm thick layer with the equivalent permittivity obtained through the Kubo formulas and 
Amperes’ law can also be found in36,48,49. Also, the graphene relaxation time is set to τ = 2 ps, and its chemical 
potential is considered equal to μc = 1 eV in the initial simulations and their influence on the optical response 
is investigated later. These optical parameters control the quality of the fabricated material and the applied 
gate voltage, respectively. The provided physical concepts are supported for any value of these parameters. The 
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Figure 1.   (a) The two-dimensional view of the hollow core cylindrical wire with the radius R, wrapped by the 
graphene material with the thickness δ = 1 nm. (b) The real (ℜ) and imaginary (ℑ) parts of graphene equivalent 
bulk permittivity εg in the desired frequency range, for illustrating its epsilon near zero region. (c) The three-
dimensional view of the finite-length graphene-coated wire, simulated by applying the periodic boundary 
condition along its axis to resemble an infinite-length cylinder, and (d) illustrating the incoming plane wave 
polarization for the possibility of plasmonic excitation.
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equivalent permittivity of the graphene material in the frequency range of interest is provided in Fig. 1b, to 
confirm that it behaves as a very low-loss material, capable of supporting epsilon-near-zero negative and positive 
permittivities36. Also, note that the hollow-core wire consideration does not pose any limitation on the practicality 
of the device and it ensures that no other resonances, apart from those of the graphene shells, are excited45,50. 
Because, light absorption enhancement is also possible using Whispering gallery modes in dielectric particles51. 
Note that enhanced resonance modes and mobility are also realizable using nanospheres and nanotubes, as well. 
Graphene sheets can be wrapped around curved surfaces with different shapes and similar functionalities can 
be achieved with other configurations52–54.

Since the cylindrical wire is infinite in length,  to use the three-dimensional CST simulating software to 
analyze a two-dimensional geometry, the cylinder length is set to an arbitrary finite value L = 40 nm, and periodic 
boundary conditions are applied along the cylinder axis (Fig. 1c). In the case of infinite-length cylinders, the 
scattering cross-section is defined as “the ratio of the scattered power per unit axial length to the incident power 
density.” Thus, the scattering (absorption) cross-section has the dimension of length55. Thus, by normalizing the 
final results to L, the scattering and absorption cross-sections of the infinite-length wire will be achieved. For 
more details about the simulation setting the reader is referred to56. Also, the device is simulated under plane 
wave illumination and its absorption cross-section (ACS) and scattering cross-section (SCS) are obtained by 
using far-field monitors. Note that the electric field of the source resides in the cylinder cross-section (Fig. 1d). 
The proper choice of plane wave polarization is important when employing cylindrical particles with monolithic 
plasmonic covers in the design. Otherwise, the localized surface plasmon resonances are not excited. To achieve 
dual polarized functionality, polarization-independent coatings are proposed57.

Once the quality and bias voltage of the graphene shell is specified, the only degree of freedom for absorption/
scattering manipulation is the cylinder radius. Figure 2a–d shows the device’s absorption and scattering cross-
sections for various core radii. The observed resonances are of the Mie type and can be analyzed in the framework 
of Mie’s theory36. Generally, for the low-index pure dielectric particles of a small size, Rayleigh scattering is 
observed. Here, these resonances are avoided by considering a hollow core structure. The appearance of the Mie 
resonances is due to the plasmonic nature of the graphene shell50. The results show that the absorption peak 
blue shifts once the wire radius is increased. Specifically, the resonance frequency for the core radii of R = 5, 10, 
15, 20 nm are respectively 340.99, 343.13, 343.89, 344.28 THz. This feature is unlike the behavior of graphene-
coated wire’s plasmonic resonances in the infrared region, so-called ordinary plasmonic resonances58. This is 
the key point for increasing absorption efficiency by reaching a low-scattering device and is observed as a result 
of using higher-order resonances for the absorber design59. To evaluate the performance of the different-sized 
particles, note that larger particles provide more absorption area. The higher absorption cross-section cannot 

Figure 2.   The absorption cross-section (ACS) and scattering cross-section (SCS) of the hollow core graphene-
coated wire for different core radii R (a) 5 nm (b) 10 nm (c) 15 nm, and (d) 20 nm. The graphene sheet thickness 
is set to δ = 1 nm and its optical parameters are τ = 2 ps and μc = 1 eV.
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always be translated into a higher absorption efficiency since larger particles also provide more scattering areas. 
Thus, two types of efficiency are defined in this regard. The first efficiency is defined as the ratio of the absorption 
cross-section to the wire circumference 2πR, which gives the scattering per unit length in terms of the cylinder 
radius60. The second type of efficiency takes the scattering cross-section as the normalization constant of the 
absorption cross-section61.

Table 1 shows the numerical values of the defined efficiencies for different core radii and it confirms that the 
smaller particles have better performance regarding both types of efficiencies. Thus, the wire radius is set to R = 5 
nm. The electrical radius of the particle is 0.006 λ for this specific radius, confirming the deep-subwavelength 
operation. Observing strong resonances with small-sized particles is crucial for low-scattering and compact 
device design. Note that the minimum considered radius is limited to 5 nm to be in the validity region of 
graphene surface conductivity approximation which is used in the simulations58.

To further investigate the reason for resonance blue shift by increasing the particle size, the resonant scattering 
condition for dielectric core metal shell particles is used. By defining the filling fraction as f =

(

R
/

(R + 1)
)3 , 

the polarizability of the hollow core particles can be defined as62:

Since the scattering cross section is proportional to |α|2 , to observe resonant scattering, the denominator of 
the polarizability should approach zero. Figure 3 shows the resonance condition for cores with different radii 
and it is evident that to observe resonance at higher frequencies, larger particles are required.

In the following, the potential applications of the proposed device will be discussed. Due to the operation of the 
device in the near-infrared regime, low scattering of excitation and emission light, low levels of autofluorescence 
in most biological systems and less disturbance and photodamage caused to cells and living organisms is expected 
in biological applications63.The graphene oxide wrapped gold nanoparticles with the approximate radius of 100 
nm has been used for drug delivery64. Importantly, nanoparticles with hydrodynamic diameters less than 10 nm 
can be delivered to tumors with higher delivery efficiency compared to larger nanoparticles. Also, nanoparticles 
smaller than 20 nm in diameter have higher tumor tissue penetration and they are demanded for uniform 
distribution and reduced self-diffusion barriers because of their small size65. Moreover, as another potential 
application of the absorber, its refractive index sensing capability is investigated by changing the permittivity of 
the host medium to 1.77689 (nh = 1.333) and 1.83061 (nh = 1.3530). The considered refractive index values can 
be used to model some types of cancer cells in the blood serum66. Note that the average refractive index of some 
normal cells in the near infrared regime are; cytoplasm (1.360–1.375), melanin (1.6–1.7), extracellular fluid 
(1.35–1.36), nucleus (1.38–1.41). In general, the refractive index of the cancer cells is higher than those of the 
normal cells due to more protein in their cytoplasm67. Thus, depending on the target cell, the refractive index 
variation range of the biosensor can be chosen and, apart from simulated values, other ranges are also considered 
in the literature in this regard (e.g., 1.392–1.401 in68 and 1.41–1.58 in69).
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Table 1.   Absorption efficiency of the hollow graphene-coated particles for different radii R (δ = 1 nm, τ = 2 ps, 
and μc = 1 eV).

R (nm) 5 10 15 20

ACS (nm)/(2πR) 4.74 3.41 2.70 2.23

ACS (nm)/SCS (nm) 5.71 3.21 2.27 1.76

Figure 3.   Resonant scattering condition to determine the core radius to observe a resonance in a specific 
frequency for graphene-coated hollow particles. The graphene sheet thickness is set to δ = 1 nm and its optical 
parameters are τ = 2 ps and μc = 1 eV. Note that the ACS values are unnormalized.
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The sensitivity S = Δλ/Δn and figure of merit FOM = S/FWHM (full width at half maximum) of the sensor are 
respectively 31.62 nm/RIU and 109.16 RIU−1. Δλ and Δn are respectively the change in the resonance wavelength 
and refractive index. In comparison to the graphene-coated cylindrical particles in ordinary plasmonic regime 
with R = 50 000 nm, S = 410 nm/RIU, and FOM = 0.874 RIU−1 reported in13, our proposed element is very 
compact, has smaller sensitivity but larger figure of merit. The compact size of the particle with ENZ shell 
guarantees the low scattering and the narrow beamwidth (due to the use of low loss material) results in a high 
figure of merit. Note that in any case, higher sensing parameters can be attained by optimizing the performance 
and the reported values are for the sake of comparing the range of the parameters. In such an optimization, 
the particle size plays a crucial role in its performance. The nanoparticle size ranges from 10 to 100 nm, which 
is smaller than the size of the blood cells and almost the same size of DNA70. DNA biosensor, designed with 
the gold nanoparticles with the radius of around 30 nm, is proposed in this regard71. Moreover, the size of the 
particle can be controlled to reach a similar size to that of the biomolecule that it interacts (protein, 5–50 nm; 
virus, 20–450 nm; cell, 10–100 μm)72.

To better recognize the operation mechanism, the electric field distribution at the absorption/scattering peak 
for the hollow wire with R = 5 nm, δ = 1 nm, τ = 2 ps, and μc = 1 eV is shown in Fig. 4a-c. The figure confirms 
the excitation of the plasmonic resonances at the vicinity of the zero-crossing point of the graphene equivalent 
bulk permittivity, previously denoted as ENZ plasmonic resonances. The real and imaginary parts of graphene 
equivalent permittivity at the resonance frequency are respectively − 0.009 and 0.0007. The high confinement 
of optical plasmonic modes to the graphene in the ENZ region ensures highlight–matter interaction28. Apart 
from charge oscillation, observed in the electric field distributions, the negative signed real part of the near-zero 
permittivity is another evidence of the plasmonic resonances. Note that the imaginary part of the equivalent 
permittivity is also near zero, and confirms the low loss performance of the designed structure. It is important 
to emphasize that due to the low-loss plasmonic behavior of the device, the operating bandwidth is narrow (see 
Fig. 2). This narrow-band operation is similar to those of the graphene-coated spherical particle’s Fano-like 
scattering resonance in the epsilon-near-zero spectrum36.

Tables 2 and 3 are dedicated to studying the absorption manipulation using graphene optical parameters 
for the wire with R = 5 nm and δ = 1 nm. The reported parameters are ACS, SCS, and their ratio. Due to the 
constant radius in the simulations, the normalization of the ACS to the geometrical cross-section is not reported. 
In Table 2, the graphene relaxation time is varied in the experimentally achievable range from τ= 0.5–2 ps73. 
Graphene relaxation time is inversely proportional to its scattering rate which is related to the purity of the sheet 
and can be controlled by experimental method to produce it36. As the table shows, the high-quality graphene 
material (high relaxation time in the realizable range) results in a larger absorption cross-section, but the 
scattering cross-section is also larger under this condition and may reduce the absorption efficiency. Considering 
the ACS/SCS values, it is observed that the absorption efficiency is higher for lower graphene relaxation times.

Regarding Table 3, the chemical potential of the graphene shells is varied around the initially considered value 
of μc = 1 eV. Larger absorption and scattering cross-sections can be achieved for higher chemical potentials. 
Further study reveals that the absorption efficiency is almost the same for different chemical potentials and the 
chemical potential of the graphene shell can be used to reach a reconfigurable device. The resonance frequency 
for different values of the chemical potential is also reported in the last row of Table 3. Note that to maintain the 

Figure 4.   The electric field distribution for the hollow graphene-wrapped optical wire with R = 5 nm, δ = 1 nm, 
τ = 2 ps, and μc = 1 eV at the resonance (a) Ex (b) Ey and (c) Ez.

Table 2.   ACS, SCS, and absorption efficiency of the hollow graphene-wrapped wire with R = 5 nm and δ = 1 
nm for μc = 1 eV.

τ (ps) 0.5 1 1.5 2

ACS (nm) 49.03 89.01 121.81 149.03

SCS (nm) 2.22 8.05 16.32 26.25

ACS/SCS 22.04 11.06 7.46 5.67
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same setting for the frequency domain solver, in all simulations, the chemical potential is varied in a small range 
to observe the plasmonic resonances in close frequencies. Furthermore, typically measured mobilities of 
processed graphene are as low as 1000 cm2/Vs. By encapsulating graphene with molybdenum or tungsten 
disulfides and hBN, high carrier mobilities of about 60,000 cm2/Vs can be achieved. The mobility also depends 
on the chemical potential and the chemical potentials less than 2 eV are realizable73,74. The damping constant Ŵc , 
which qualifies the losses in the graphene, is related to the mobility µ and chemical potential µc via 
Ŵc = q�v2f

/

µµc . The parameters q, � , and vf are respectively electron charge, reduced Planck’s constant, and 
Fermi velocity36.

The ACS of the particle for different values of the relaxation times and chemical potentials are illustrated in 
Fig. 5a,b to exhibit the impact of the graphene optical parameters in the linewidth modulation.

Absorption rate of an array of epsilon‑near‑zero shells
In the previous section, the efficient tunable absorption of the optical wave using isolated hollow core graphene-
coated cylindrical wires, operating based on the epsilon-near zero plasmonic resonances, is revealed. The 
localized surface plasmon-based optical absorbers are commonly obtained by exploiting an array of coated 
particles rather than using a single element75,76. Structured ultrathin optical materials at the subwavelength scale, 
provide the opportunity for the reflection and transmission manipulation for the realization of effective light-
trapping devices77. The high absorption rate is the result of different resonances and mechanisms including but 
not limited to Mie’s resonances, waveguide resonances, enhanced near field, and total internal reflections from 
the substrate77,78. Hence, considering the mutual interaction of the elements in the plasmonic array is essential 
for the practical absorber design. Thus, in this section, a one-dimensional array of cylindrical nano-wires with 
epsilon-near-zero shells is considered and it is shown in Fig. 6a. The absorption is calculated using the scattering 
parameters by simulation the unit cell of the array under Floquet port excitation76. In a periodic structure, the 
electromagnetic field can be decomposed into a series of Floquet modes, each of which can be thought of as a 
plane wave propagating at a different angle79. Floquet ports enable the simulation of periodic structures more 
efficiently by allowing to injection or extraction of specific modes or wave components at the boundaries of the 
periodic structures. Here, the first TE and TM modes are considered as the excitation. The array is illuminated 
with the Gaussian beams from the top and bottom of the array. The spatial electric field distribution of the 
gaussian beam is illustrated in Fig. 6a and the electric field of the TE (0,0) and TM (0,0) modes are illustrated 
respectively in Fig. 6b,c. Note that unit cell analysis is performed in the frequency domain in the CST software.

The array geometry and associated boundary conditions are shown in Fig. 7a,b. The array periodicity p is 
swept in Fig. 7c,d, where the relaxation times of the graphene shells are respectively 0.5 ps (low-quality sheet) 
and 2 ps (high-quality sheet). The minimum gap distance is set to 5 nm, which is sufficient for neglecting the 

Table 3.   ACS, SCS, and absorption efficiency of the hollow graphene-wrapped wire with R = 5 nm and δ = 1 
nm for τ = 2 ps.

μc (eV) 1 1.02 1.03 1.04

ACS (nm) 148.99 154.74 157.17 159.08

SCS (nm) 26.10 29.35 30.96 32.65

ACS/SCS 5.71 5.27 5.07 4.87

Resonance frequency (THz) 340.99 346.74 349.6 352.45

Figure 5.   The ACS of the particle for different values of the (a) relaxation times and (b) chemical potentials. 
The initial values of the design parameters are R = 5 nm, δ = 1 nm, τ = 2 ps, and μc = 1 eV and in each sub-figure, 
one of the parameters is altered.
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nonlocal effects, dominant for the gap distances below 2 nm80. As the figure confirms, the mutual coupling of 
the plasmonic resonances for smaller interelement spacings results in the red shift of the resonance spectrum 
and its broadening81. The maximum achievable absorption rate of 50% for an array of free-standing polarizable 
particles is observed for different optimum periodicities when the quality of the graphene material is altered. This 
is the universal absorption limit for the thin layers, which can be verified by means of lattice sum and particle 

Figure 6.   (a) The spatial electric field distribution of the Gaussian beam. (b–c) are respectively the port modes 
for TE (0,0) and TM(0,0) excitation sources. Only two of the array elements are illustrated.

Figure 7.   (a) One-dimensional array of graphene-coated hollow wires and (b) its two-dimensional view. The 
attainable absorption rate for different periodicity p (nm) for (c) low-quality (τ = 0.5 ps) and (c) high-quality 
(τ = 2 ps) graphene covers. The other parameters are R = 5 nm, δ = 1 nm, μc = 1 eV. The maximum attainable 
absorption rate using free-standing polarizable particles is shown by the dotted red curve in the figure. The PML 
and PBC respectively denote the perfectly matched layer and period boundary condition.
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polarizability. Full absorption can be attained by supporting the particles on a substrate82. Thus, the periodicity 
of the elements can be adjusted based on the quality of the available graphene material to reach the universal 
absorption limit. For the dense array with the p = 25 nm, the resonance frequency is f = 340.14 THz, full-width 
at half maximum (FWHM) is 1.43 nm, thus the quality factor is Q = λ/FWHM = 618.45. For the sparse array 
(with the resonance frequency very close to that of the isolated wire) the resonance frequency is f = 340.91 THz, 
FWHM = 0.39 nm, hence Q = 2272.8. Thus, the achievable resonance quality factor using the sparse arrays is larger 
and they require high-quality graphene materials. In comparison to the same geometry in the THz spectrum 
(graphene-coated cylinder array) with FWHM = 86.08 nm83, the resonance width had been considerably reduced 
in both cases. By exploiting other materials such as phase change materials, other functionalities can also be 
added to the device84,85.

The reported absorption spectrum is single-peak in which the cooperative and near-field effects are not 
visible. To understand this behavior, the absorption rate of the dense array with an interelement spacing of 5 
nm was studied for different core radii in Fig. 8a,b, respectively for τ = 0.5 ps and τ = 2 ps. As the figure confirms, 
larger particles, exhibit multiple absorption peaks, as a result of near-field effects. The blue shift of the resonance 
spectrum by increasing the particle size is again confirmed for the array arrangement. The single peak behavior is 
also reported for the micron-sized plasmonic wires, where, the symmetry breaking has resulted in the resonance 
splitting86. Also, multiple invisibility regions are induced by symmetry breaking in a trimer of subwavelength 
graphene-coated nanowires87.

To reach a perfect absorber, the nano-wires resided on top of a metal-backed dielectric substrate, with ε = 2 
and the optimized height of h = 70 nm and 30 nm respectively for τ = 0.5 ps and 2 ps, are used. The perfect 
absorption rate of the device for dense arrays with interelement spacing of 5 nm is illustrated in Fig. 9a,b. 
The sensitivity of the absorption rate to the incident angle of the incoming wave is also shown in this figure, 
confirming above 90% absorption rate up to the angles around 60° and 50° respectively for τ = 0.5 and 2 ps. Perfect 
absorption can also be achieved by the sparse array and for other periodicities.

Figure 8.   The absorption rate of the dense array with an interelement spacing of 5 nm studied for different core 
radii (a) τ = 0.5 ps and (b) τ = 2 ps.

Figure 9.   The perfect absorption achieved by residing the dense array on top of the substrate and its sensitivity 
to the incident angle (a) τ = 0.5 ps and τ = 2 ps.
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Conclusion
Epsilon-near-zeros cylindrical nano-shells offer the opportunity for plasmonic absorption enhancement with 
reconfigurable characteristics at the near-infrared and visible spectrum. The resonance frequency of the excited 
plasmons blue-shifts as the particle radius increases, resulting in reaching a higher absorption efficiency with 
smaller particles. This exotic feature is achieved due to the utilization of higher-order modes for the absorber 
design. The operating spectrum can be modulated by graphene optical parameters. Moreover, perfect absorbers 
can be obtained by arranging the particles in a one-dimensional array on top of the metal-backed substrate. As 
the array becomes denser, spectral broadening and redshift of resonance frequency are observed. Considering the 
sparse array, the absorption spectrum is narrow and it requires high-quality graphene material to reach a higher 
absorption rate. Conversely, in the dense array, interelement mutual coupling results in spectral broadening and 
demands adjusting the graphene quality for higher enhancement. The use of small-sized particles in the absorber 
design results in a clear single peak in which the multiple scattering effect is not visible.
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The data associated with the present paper is available upon request from the corresponding author.

Received: 2 November 2023; Accepted: 21 February 2024

References
	 1.	 Maier, S. A. Plasmonics: Fundamentals and Applications Vol. 1 (Springer, New York, 2007).
	 2.	 Korotun, A. & Karandas, Y. V. Surface plasmons in a nanotube with a finite-thickness wall. Phys. Met. Metall. 123, 7–15 (2022).
	 3.	 Velichko, E. & Nickolaenko, A. Nanocylinders of noble metals as scatterers of plane electromagnetic wave. Telecommun. Radio 

Eng. 75, 15 (2016).
	 4.	 Kim, K.-H. & No, Y.-S. Subwavelength core/shell cylindrical nanostructures for novel plasmonic and metamaterial devices. Nano 

Converg. 4, 1–13 (2017).
	 5.	 Ruan, Z. & Fan, S. Superscattering of light from subwavelength nanostructures. Phys. Rev. Lett. 105, 013901 (2010).
	 6.	 Mirzaei, A., Shadrivov, I. V., Miroshnichenko, A. E. & Kivshar, Y. S. Cloaking and enhanced scattering of core-shell plasmonic 

nanowires. Opt. Express 21, 10454–10459 (2013).
	 7.	 Schröter, U. & Dereux, A. Surface plasmon polaritons on metal cylinders with dielectric core. Phys. Rev. B 64, 125420 (2001).
	 8.	 García-Romeroa, J., Mendívil-Reynosoa, T., Samano-Hermosillob, E., Montaño-Perazaa, J. & Ramírez-Rodrígueza, L. A study of 

the optical resonances of various nanostructured silver systems with cylindrical symmetry. J. Ovonic Res. 18, 239–251 (2022).
	 9.	 Depine, R. A. Graphene Optics: Electromagnetic Solution of Canonical Problems (Morgan & Claypool Publishers, San Raefel, 2017).
	10.	 Raad, S. H., Atlasbaf, Z., Rashed-Mohassel, J. & Shahabadi, M. Scattering from graphene-based multilayered spherical structures. 

IEEE Trans. Nanotechnol. 18, 1129–1136 (2019).
	11.	 Naserpour, M., Zapata-Rodríguez, C. J., Vuković, S. M., Pashaeiadl, H. & Belić, M. R. Tunable invisibility cloaking by using isolated 

graphene-coated nanowires and dimers. Sci. Rep. 7, 12186 (2017).
	12.	 Riso, M., Cuevas, M. & Depine, R. A. Tunable plasmonic enhancement of light scattering and absorption in graphene-coated 

subwavelength wires. J. Opt. 17, 075001 (2015).
	13.	 Velichko, E. A. Evaluation of a graphene-covered dielectric microtube as a refractive-index sensor in the terahertz range. J. Opt. 

18, 035008 (2016).
	14.	 Correas-Serrano, D., Gomez-Diaz, J. S., Alù, A. & Melcón, A. Á. Electrically and magnetically biased graphene-based cylindrical 

waveguides: Analysis and applications as reconfigurable antennas. IEEE Trans. Terahertz Sci. Technol. 5, 951–960 (2015).
	15.	 West, P. R. et al. Searching for better plasmonic materials. Laser Photon. Rev. 4, 795–808 (2010).
	16.	 Gric, T. et al. Spoof plasmons in corrugated semiconductors. J. Electromagn. Waves Appl. 29, 1899–1907 (2015).
	17.	 Raad, S. H., Atlasbaf, Z. & Cuevas, M. In Nanoplasmonics (IntechOpen, 2020).
	18.	 Wang, M. et al. Circular dichroism of graphene-based absorber in static magnetic field. J. Appl. Phys. 115, 154312 (2014).
	19.	 Cen, C. et al. A tunable plasmonic refractive index sensor with nanoring-strip graphene arrays. Sensors 18, 4489 (2018).
	20.	 Zhang, L., Farhat, M. & Salama, K. N. Spectrometer-free graphene plasmonics based refractive index sensor. Sensors 20, 2347 

(2020).
	21.	 Amin, M., Siddiqui, O., Abutarboush, H., Farhat, M. & Ramzan, R. A THz graphene metasurface for polarization selective virus 

sensing. Carbon 176, 580–591 (2021).
	22.	 Luo, S., Wang, Y., Tong, X. & Wang, Z. Graphene-based optical modulators. Nanoscale Res. Lett. 10, 1–11 (2015).
	23.	 Low, T. & Avouris, P. Graphene plasmonics for terahertz to mid-infrared applications. ACS Nano 8, 1086–1101 (2014).
	24.	 Dolatabady, A., Asgari, S. & Granpayeh, N. Tunable mid-infrared nanoscale graphene-based refractive index sensor. IEEE Sens. 

J. 18, 569–574 (2017).
	25.	 Zheng, G., Cong, J., Chen, Y., Xu, L. & Xiao, S. Angularly dense comb-like enhanced absorption of graphene monolayer with 

attenuated-total-reflection configuration. Opt. Lett. 42, 2984–2987 (2017).
	26.	 Zhu, X. et al. Enhanced light–matter interactions in graphene-covered gold nanovoid arrays. Nano Lett. 13, 4690–4696 (2013).
	27.	 Liu, J.-T., Liu, N.-H., Li, J., Jing Li, X. & Huang, J.-H. Enhanced absorption of graphene with one-dimensional photonic crystal. 

Appl. Phys. Lett. 101, 052104 (2012).
	28.	 Singh, A. & Shishodia, M. S. Graphene vs. silica coated refractory nitrides based core-shell nanoparticles for nanoplasmonic 

sensing. Physica E Low Dimens. Syst. Nanostruct. 128, 114288 (2020).
	29.	 Wan, M. et al. Strong tunable absorption enhancement in graphene using dielectric-metal core-shell resonators. Sci. Rep. 7, 1–10 

(2017).
	30.	 Li, Y., He, X., Wan, M., Wu, W. & Chen, Z. Unconventional Fano effect based spectrally selective absorption enhancement in 

graphene using plasmonic core-shell nanostructures. Appl. Phys. Lett. 109, 031909 (2016).
	31.	 Akhavan, A., Abdolhosseini, S., Ghafoorifard, H. & Habibiyan, H. Narrow band total absorber at near-infrared wavelengths using 

monolayer graphene and sub-wavelength grating based on critical coupling. J. Lightw. Technol. 36, 5593–5599 (2018).
	32.	 Patel, S. K. et al. Graphene-based metasurface solar absorber design for the visible and near-infrared region with behavior 

prediction using polynomial regression. Optik 262, 169298 (2022).
	33.	 Parmar, J., Patel, S. K. & Katkar, V. Graphene-based metasurface solar absorber design with absorption prediction using machine 

learning. Sci. Rep. 12, 2609 (2022).
	34.	 Yao, G., Ling, F., Yue, J., Luo, Q. & Yao, J. Dynamically tunable graphene plasmon-induced transparency in the terahertz region. 

J. Lightw. Technol. 34, 3937–3942 (2016).
	35.	 Zhang, Q. et al. Graphene surface plasmons at the near-infrared optical regime. Sci. Rep. 4, 6559 (2014).



11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6742  | https://doi.org/10.1038/s41598-024-55194-3

www.nature.com/scientificreports/

	36.	 Farhat, M., Rockstuhl, C. & Bağcı, H. A 3D tunable and multi-frequency graphene plasmonic cloak. Opt. Express 21, 12592–12603 
(2013).

	37.	 Forouzmand, A. & Mosallaei, H. Dynamic beam control via Mie-resonance based phase-change metasurface: A theoretical 
investigation. Opt. Express 26, 17948–17963 (2018).

	38.	 Bohn, J. et al. All-optical switching of an epsilon-near-zero plasmon resonance in indium tin oxide. Nat. Commun. 12, 1–6 (2021).
	39.	 Campione, S., Kim, I., de Ceglia, D., Keeler, G. A. & Luk, T. S. Experimental verification of epsilon-near-zero plasmon polariton 

modes in degenerately doped semiconductor nanolayers. Opt. Express 24, 18782–18789 (2016).
	40.	 Guan, C. et al. Graphene-coated surface core fiber polarizer. J. Lightw. Technol. 33, 349–353 (2015).
	41.	 Petridis, C. et al. Solution processed reduced graphene oxide electrodes for organic photovoltaics. Nanoscale Horizons 1, 375–382 

(2016).
	42.	 Konios, D. et al. Reduced graphene oxide micromesh electrodes for large area, flexible, organic photovoltaic devices. Adv. Funct. 

Mater. 25, 2213–2221 (2015).
	43.	 Hajati, M. & Hajati, Y. Plasmonic characteristics of two vertically coupled graphene-coated nanowires integrated with substrate. 

Appl. Opt. 56, 870–875 (2017).
	44.	 Cuevas, M., Riso, M. A. & Depine, R. A. Complex frequencies and field distributions of localized surface plasmon modes in 

graphene-coated subwavelength wires. J. Quant. Spectrosc. Radiat. Transf. 173, 26–33 (2016).
	45.	 Cai, D. et al. Facile synthesis of ultrathin-shell graphene hollow spheres for high-performance lithium-ion batteries. Electrochim. 

Acta 139, 96–103 (2014).
	46.	 Vakil, A. & Engheta, N. Transformation optics using graphene. Science 332, 1291–1294 (2011).
	47.	 Vakil, A. Transformation optics using graphene: One-atom-thick optical devices based on graphene. (2012).
	48.	 Chen, X. et al. A broadband optical modulator based on a graphene hybrid plasmonic waveguide. J. Lightw. Technol. 34, 4948–4953 

(2016).
	49.	 Jia, X., Wang, X., Yuan, C., Meng, Q. & Zhou, Z. Novel dynamic tuning of broadband visible metamaterial perfect absorber using 

graphene. J. Appl. Phys. 120, 033101 (2016).
	50.	 Raad, S. H., Atlasbaf, Z., Zapata-Rodríguez, C. J., Shahabadi, M. & Rashed-Mohassel, J. Dyadic Green’s function for the electrically 

biased graphene-based multilayered spherical structures. J. Quant. Spectrosc. Radiat. Transf. 256, 107251 (2020).
	51.	 Grandidier, J., Callahan, D. M., Munday, J. N. & Atwater, H. A. Light absorption enhancement in thin-film solar cells using 

whispering gallery modes in dielectric nanospheres. Adv. Mater. 23, 1272–1276 (2011).
	52.	 Chernozatonskii, L. A., Artyukh, A. A., Demin, V. A. & Katz, E. A. Bucky-corn: Van der Waals composite of carbon nanotube 

coated by fullerenes. Molecular Physics 114, 92–101 (2016).
	53.	 Lutsyk, P. et al. Self-assembly for two types of j-aggregates: Cis-isomers of dye on the carbon nanotube surface and free aggregates 

of dye trans-isomers. J. Phys. Chem. C 123, 19903–19911 (2019).
	54.	 Yekymov, E. et al. All carbon non-covalent exohedral hybrids: C60 aggregates on nanotube networks. J. Energy Chem. 27, 957–961 

(2018).
	55.	 Mei, K. & Bladel, J. V. Scattering by perfectly-conducting rectangular cylinders. IEEE Trans. Antennas Propag. 11, 185–192. https://​

doi.​org/​10.​1109/​TAP.​1963.​11379​96 (1963).
	56.	 Raad, S. H. & Atlasbaf, Z. Dyadic analysis of a cylindrical wire consisting of a cover with fully-populated surface conductivity 

tensor. Opt. Express 27, 21214–21225 (2019).
	57.	 Raad, S. H. & Atlasbaf, Z. Dual polarized engineering the extinction cross-section of a dielectric wire using graphene-based 

oligomers. Sci. Rep. 11, 1–10 (2021).
	58.	 Christensen, T., Jauho, A.-P., Wubs, M. & Mortensen, N. A. Localized plasmons in graphene-coated nanospheres. Phys. Rev. B 91, 

125414 (2015).
	59.	 Liu, W., Oulton, R. F. & Kivshar, Y. S. Geometric interpretations for resonances of plasmonic nanoparticles. Sci. Rep. 5, 12148 

(2015).
	60.	 Bohren, C. F. & Huffman, D. R. Absorption and Scattering of Light by Small Particles (Wiley, New York, 2008).
	61.	 Estakhri, N. M. & Alù, A. Minimum-scattering superabsorbers. Phys. Rev. B 89, 121416 (2014).
	62.	 Bergaga, G. D., Ali, B. M. & Debela, T. S. Effects of shape on the optical properties of CdSe@ Au core-shell nanocomposites. AIP 

Adv. 13, 15 (2023).
	63.	 Staudinger, C. & Borisov, S. M. Long-wavelength analyte-sensitive luminescent probes and optical (bio) sensors. Methods Appl. 

Fluoresc. 3, 042005 (2015).
	64.	 Ma, X. et al. Graphene oxide wrapped gold nanoparticles for intracellular Raman imaging and drug delivery. J. Mater. Chem. B 1, 

6495–6500 (2013).
	65.	 Xu, J. et al. Applications and challenges of ultra-small particle size nanoparticles in tumor therapy. J. Control. Rel. 353, 699–712 

(2023).
	66.	 Alharbi, R., Irannejad, M. & Yavuz, M. Gold-graphene core-shell nanostructure surface plasmon sensors. Plasmonics 12, 783–794 

(2017).
	67.	 Baraty, F. & Hamedi, S. Label-Free cancer cell biosensor based on photonic crystal ring resonator. Results Phys. 46, 106317 (2023).
	68.	 Yasli, A. Cancer detection with surface plasmon resonance-based photonic crystal fiber biosensor. Plasmonics 16, 1605–1612 

(2021).
	69.	 Wang, F., Wei, Y. & Han, Y. High sensitivity and wide range refractive index sensor based on surface plasmon resonance photonic 

crystal fiber. Sensors 23, 6617 (2023).
	70.	 Alrushaid, N., Khan, F. A., Al-Suhaimi, E. A. & Elaissari, A. Nanotechnology in cancer diagnosis and treatment. Pharmaceutics 

15, 1025 (2023).
	71.	 Mohammed, A. M. Fabrication and characterization of gold nano particles for DNA biosensor applications. Chin. Chem. Lett. 27, 

801–806 (2016).
	72.	 Hsing, I. M., Xu, Y. & Zhao, W. Micro-and nano-magnetic particles for applications in biosensing. Electroanal. Int. J. Devoted 

Fundam. Pract. Asp. Electroanal. 19, 755–768 (2007).
	73.	 Chen, H. et al. Mode coupling properties of the plasmonic dimers composed of graphene nanodisks. Appl. Sci. 7, 359 (2017).
	74.	 Kretinin, A. et al. Electronic properties of graphene encapsulated with different 2D atomic crystals.
	75.	 Raad, S. H. & Atlasbaf, Z. In Electrical Engineering (ICEE), Iranian Conference on. 98–102 (IEEE).
	76.	 Raad, S. H. & Atlasbaf, Z. Broadband/multiband absorption through surface plasmon engineering in graphene-wrapped 

nanospheres. Appl. Opt. 59, 8909–8917 (2020).
	77.	 Pala, R. A., Butun, S., Aydin, K. & Atwater, H. A. Omnidirectional and broadband absorption enhancement from trapezoidal Mie 

resonators in semiconductor metasurfaces. Sci. Rep. 6, 31451 (2016).
	78.	 Manley, P. et al. Double-layer metasurface for enhanced photon up-conversion. APL Photon. 6, 15 (2021).
	79.	 Caloz, C. & Itoh, T. Electromagnetic Metamaterials: Transmission Line Theory and Microwave Applications (Wiley, New York, 2005).
	80.	 Höflich, K., Gösele, U. & Christiansen, S. Near-field investigations of nanoshell cylinder dimers. J. Chem. Phys. 131, 164704-

1–164704-7 (2009).
	81.	 Raad, S. H., Atlasbaf, Z. & Zapata-Rodríguez, C. J. Broadband absorption using all-graphene grating-coupled nanoparticles on a 

reflector. Sci. Rep. 10, 1–15 (2020).

https://doi.org/10.1109/TAP.1963.1137996
https://doi.org/10.1109/TAP.1963.1137996


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6742  | https://doi.org/10.1038/s41598-024-55194-3

www.nature.com/scientificreports/

	82.	 Thongrattanasiri, S., Koppens, F. H. & De Abajo, F. J. G. Complete optical absorption in periodically patterned graphene. Phys. 
Rev. Lett. 108, 047401 (2012).

	83.	 Raad, S. H. & Atlasbaf, Z. Bi-functional tunable reflector/high-Q absorber design using VO2 assisted graphene-coated cylinder 
array. Opt. Express 29, 17510–17521 (2021).

	84.	 Afshari-Bavil, M. et al. Thermally controllable infrared absorption in cylindrical groove array covered by phase change material. 
Plasmonics 15, 2119–2125 (2020).

	85.	 Bavil, M. A., Deng, Q. & Zhou, Z. Extraordinary transmission through gain-assisted silicon-based nanohole arrays in 
telecommunication regimes. Opt. Lett. 39, 4506–4509 (2014).

	86.	 Cuevas, M., Raad, S. H. & Zapata-Rodríguez, C. J. Coupled plasmonic graphene wires: Theoretical study including complex 
frequencies and field distributions of bright and dark surface plasmons. JOSA B 37, 3084–3093 (2020).

	87.	 Fesenko, V. I., Shcherbinin, V. I. & Tuz, V. R. Multiple invisibility regions induced by symmetry breaking in a trimer of 
subwavelength graphene-coated nanowires. JOSA A 35, 1760–1768 (2018).

Author contributions
S. H. R and M. A. B proposed the idea, performed the simulations, and wrote the paper. D. L supervised the 
project.

Funding
This research was funded by the Chinese Academy of Sciences President’s International Fellowship Initiative 
(CAS-PIFI, 2023VTB0004).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.-B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Efficient and high-quality absorption enhancement using epsilon-near-zero cylindrical nano-shells constructed by graphene
	Absorption enhancement using epsilon-near-zero cylindrical shells constructed by graphene
	Absorptionscattering cross-section of an isolated epsilon-near-zero shell
	Absorption rate of an array of epsilon-near-zero shells

	Conclusion
	References


