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Broadband absorption using
all-graphene grating-coupled
nanoparticles on a reflector

Shiva Hayati Raad'*, Zahra Atlasbaf® & Carlos J. Zapata-Rodriguez?

In this paper, the hybridized localized surface plasmon resonances (LSPRs) of a periodic assembly

of graphene-wrapped nanoparticles are used to design a nanoparticle assisted optical absorber.
Bandwidth enhancement of this structure via providing multiple types of plasmonic resonances in
the associated unit cell using two densely packed crossly stacked graphene strips is proposed. The
designed graphene strips support fundamental propagating surface plasmons on the ribbons, and
gap plasmons in the cavity constructed by the adjacent sections. Graphene strips exhibit a hyperbolic
dispersion region in the operating spectrum and assist in the bandwidth enhancement. Moreover,
since the nanoparticles are deposited on the top strips, real-time biasing of them can be easily
conducted by exciting the surface plasmons of the strip without the necessity to electrically connect
the adjacent nanoparticles. The overall dynamic bandwidth of the structure, using a two-state biasing
scheme, covers the frequencies of 18.16-40.47 THz with 90% efficiency. Due to the symmetry of the
structure, the device performs similarly for both transverse electric (TE) and transverse magnetic
(TM) waves and it has a high broadband absorption rate regarding different incident angles up to 40°.
Due to the presence of 2D graphene material and also using hollow spherical particles, our proposed
absorber is also lightweight and it is suitable for novel compact optoelectronic devices due to its sub-
wavelength dimensions.

Nanoparticle assisted optical absorber design is a well-known approach for manipulating the interaction between
the electromagnetic wave and matter at infrared and optical frequencies?. As an instance, simple cubic pat-
terns of gold cylindrical and spherical particles have been proposed to convert the laser energy into heat in
non-destructive testing and medical diagnostic applications®. Moreover, an optical meta-surface constructed
by silver ellipsoidal particles behaves like a resistive sheet and by engineering its surface impedance, a Salisbury
absorber can be designed*. These narrowband absorbers can be possibly used in light filters or digital sensors®.

An inherent drawback of metal-based nanoparticle assisted absorbers is the formation of an oxide shell on the
surface of the nanoparticle due to contact with air or moisture. This layer may significantly affect the scattering
pattern and should be taken into account in practical applications®. Graphene, a two-dimensional nanomate-
rial, is highly resistant to oxygen. Besides, due to being chemically inert and strongly transparent to light, it is
a promising candidate in various novel optical devices’. Considering the graphene-wrapped structures, free-
standing spherical nanoparticles behave as a reconfigurable reflector away from their plasmonic resonances®.
Moreover, by dispersion engineering of the resonance channels provided with the plasmonic resonances of a
double graphene layer spherical particle, a superscatterer can be designed®. Enhanced energy transfer and giant
near field enhancement are two other examples exhibiting the wide range of applications provided by localized
plasmons in graphene-coated particles'®'".

Specifically, graphene-based perfect metamaterial absorbers have attracted a surge of research interest due
to the extraordinary electronic and photonic properties of graphene material'2. Focusing on graphene-wrapped
structures, enhanced absorption is reported in the sub-wavelength graphene-coated wires'>. Moreover, by prepar-
ing the graphene-coated particles on top of an optical mirror, the plasmonic resonances result in the narrow-band
perfect tunable optical absorption, originating from the large extinction cross-section of an isolated particle
concerning its geometrical cross-section'**.

Generally, bandwidth enhancement in the resonant structures can be achieved by providing various
closely packed resonances, exploiting multi-resonance unit cells, multi-layered structures, and multiple-order
resonances's?. For instance, broadband absorption in graphene-wrapped fractal oligomers is the result of
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plasmonic resonances of various orders arising from plasmonic hybridization in the top, bottom, and lateral
surfaces', revealing that the combination of the two of the aforementioned methods is used. Bandwidth enhance-
ment of optical absorption in graphene-based devices can also be achieved by combining graphene with various
photonic structures, such as dielectric waveguides, photonic crystals, plasmonic metamaterials, dielectric meta-
materials, integrated microcavities, and other types of resonant structures’®?'. Hyperbolic metamaterials (HMM),
being anisotropic artificial materials, are other alternatives that have been widely used in manipulating optical
absorption*>?. In this regard, broadband absorption using tapered HMM array is experimentally realized in
the visible and infrared ranges®*. In another research, ultra-broadband light absorption based on photonic topo-
logical transitions in HMM s is proposed®. Moreover, a polarization-dependent broadband infrared absorption
inside the hyperbolic frequency region is attained using a-phase molybdenum trioxide (MoO;) nanostructures?.

Hyperbolic metamaterials are commonly designed by stacking alternating metal and dielectric layers or using
a lattice of metallic nanowires embedded in a dielectric matrix*. Stacked graphene-dielectric pairs can be used to
realize gate tunable hyperbolic metamaterials to be possibly used as a super-absorber?. Hyperbolic meta-surfaces
based on nanostructured van der Waals materials provide opportunities for the realization of subwavelength-scale
structures®. Hexagonal boron nitride (hBN) and borophene are examples of the two-dimensional Van der Waals
natural hyperbolic materials, respectively used in the design of the multi-band and single band absorbers®**!,
and both of them are lacking the gate tunability feature. The hyperbolic plasmons of densely packed graphene
strips enable voltage reconfigurable flatten optics in a broad bandwidth® and it is of interest in this research.

To design a broadband absorber, we have exploited the multi-resonance, multi-layered, and multi-ordered
schemes simultaneously by using hollow graphene-wrapped particles on top of two densely packed crossly
stacked graphene strips. It is shown that the hybridized localized surface plasmon resonances in the graphene-
coated spherical particles result in the excitation of quadrupole modes that cover the high frequencies of the
desired spectrum. These resonances are manipulated with the propagating surface plasmons and gap plasmons of
densely packed dual graphene ribbons to enhance the operating bandwidth. The reason for choosing the densely
packed strips as the other resonating element of the unit cell is its capability to support hyperbolic plasmons.

Our design offers polarization-insensitive optical response due to the crossly stacked strips and it is light-
weight due to the use of 2D graphene material and hollow spherical particles. Another feature of our proposed
structure is offering a simple biasing scheme. In general, graphene-based devices with discontinuous elements
suffer from the fabrication complexity due to the requirement for properly designed biasing networks®’. Grating-
based graphene structures can be simply biased with a cathode in the form of a bridge** and real-time biasing
of each ribbon is also feasible by using field-programmable gate array (FPGA) hardware®. Therefore, in the
proposed design, the LSPRs in an assembly of isolated spherical nanoparticles are excited by residing them on
top of the graphene strips. Note that exciting the localized surface plasmons via propagating surface plasmons
is a well-known approach that was proposed for the metallic nanoparticles before* and our design benefits the
same strategy for a graphene-based structure.

As a final comment, graphene material can be prepared by chemical vapor deposition (CVD) or by epitaxial
growth on silicon carbide or metals®”. Moreover, as a result of the van der Waals force, graphene can be wrapped
around particles of various shapes and sizes®®. For instance, graphene oxide wrapped gold nanoparticles have
been fabricated by a one-step synthesis®. Densely packed graphene strips can be fabricated by electron beam
lithography*’. The plasmonic grating with gold nanoparticles resided on its surface is realized by respectively
fabricating the sections with the colloidal self-assembly and self-assembly techniques*'. Alternatively, electrohy-
drodynamic (EHD)-jet printing is proposed to attain a nanoparticle assembly on the electrostatically attractive
surface*?. Considering the above-mentioned techniques, our proposed structure is also experimentally realizable
with current nanofabrication technology.

The paper is organized as follows. Initially, the optical performance of densely packed graphene strips and
graphene-coated spherical particles are disclosed. Later, dual graphene ribbons are hybridized with the graphene-
based meta-surface constructed by the spherical particles for bandwidth enhancement. Due to the contact of par-
ticles and top strips, the dynamic biasing network can be easily implemented through optical bridges, connecting
the strips. It is worth noting that a typical approach to design the metamaterial plasmonic light trapping devices is
solving Maxwell’s equations via computational electromagnetics such as the characteristic matrix method, finite
element method, and circuit design, to name a few*>*%. The analytical investigation of our proposed structure is
complicated due to the tensorial surface conductivity required for the appropriate modeling of the equivalent
surface conductivity of graphene strips*. Therefore, we will focus on the numerical analysis of this structure.

The optical performance of densely packed graphene strips and graphene-coated
spherical particles

In this section, the optical performance of densely packed graphene strips and graphene-wrapped spherical
particles are discussed. These two elements will be used in the unit cell of our proposed broadband absorber in
the next section. Matlab-based programs are used to investigate the effective surface conductivity of graphene-
based strips and the extinction efficiency of graphene-coated nanoparticles. The results of these subsections will
aid to opt suitable initial values for the optical and geometrical parameters.

Optical performance of densely packed graphene strips. Let us consider the free-standing densely
packed 2D graphene strips of Fig. 1a with the width of W and periodicity of L. The strips can be biased through
a bridge using electrostatic bias voltage v;. The influence of the thin bridge is neglected throughout the paper.
This structure behaves as a uniaxial meta-surface and it supports a hyperbolic dispersion region enabling the
flattened optics®. To benefit the hybridization of the hyperbolic plasmons with the LSPRs, it is essential to
extract the hyperbolic dispersion spectrum of the graphene strips considering various geometrical and optical
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Figure 1. (a) Free-standing densely packed graphene strips biased with a bridge using the bias voltage v;.
Normalized J(0xy).3 (Oyy) for W=220 nm (b) considering different chemical potentials y,, (eV) for G=20 nm
and (c) considering different gap distances G (nm) for y ., =1 eV. The scattering rate is 20 meV in all simulations.
The closed-form formulas for finding the required bias voltage for each chemical potential can be found

in*®. The symbol J represents the imaginary part of the complex function and the normalization factor is the
maximum value of 3(0y).3 (03 ).

parameters. The isotropic surface conductivity of the continuous graphene sheet o in the absence of magnetic
bias, for the moderate and low frequencies (hw < ), and large doping (1. >> kgT), can be approximated as*®:

ie2,ch

mh?(w + il") M

o(w) =
where e, kg, I, and T are respectively the electron charge, Boltzmann’s constant, reduced PlancK’s constant,
and temperature. Moreover, I stands for the charge carriers scattering rate and it is considered to be 20 meV
(corresponding to the relaxation time of 7=32.9 fs)¥, throughout this paper. The applied bias voltage alters the
graphene chemical potential y, and these two parameters can be related via approximate analytical equations®.

Note that the chemical potential as high as 2 eV can be obtained experimentally*. The elements of the uniaxial
surface conductivity of the densely packed graphene strips are™:

Waooc w 0 ,

Oxx = ————— Oy =0— Oxy =0y =
== ot we W 7 T T O 2)
where oc = —i2weoee (L/7) In [csc (G /2L )]s the effective grid conductivity, &,is the effective permittivity
of the substrate, and G is the gap distance between two adjacent strips. The hyperbolic dispersion region covers
the spectrum in which the imaginary parts of the diagonal surface conductivities have opposite signs. To inves-
tigate this condition, Fig. 1b illustrates the normalized value of (o). (oyy) for the strips with W =220 nm,
L =240 nm, and considering various chemical potentials. The symbol J represents the imaginary part of the
complex function and the normalization factor is the maximum value of J(0xy).J (O'),y). Note that finite-size
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Figure 2. The extinction efficiency of (a) dipole and (b) quadrupole modes for hollow (¢, =1) graphene-
wrapped spherical particle with various radii R. The optical parameters of graphene cover with the surface
conductivity o are T =32.9 fs, and p,,; =0.95 eV. The extinction efficiency is the extinction cross-section obtained
by the modified Mie-Lorenz theory, normalized to the geometrical cross-section®.
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Figure 3. The absorption rate of the free-standing graphene-wrapped particles in a square lattice for different
periodicities (nm). The other parameters of the free-standing hollow spheres are R=100 nm, 7=32.9 fs, and
pe =0.95 eV. Note that to obtain this figure, the graphene-coated particle in the inset of Fig. 2 is considered in
the unit cell analysis of CST 2017 software by considering various gaps between the adjacent spheres.

quantum effects can be neglected for the strip widths greater than 10 nm®'. Based on Fig. 1b, flattened hyper-
bolic material with tunable transition frequency at the infrared spectrum can be attained using the densely
packed graphene strips with the above-mentioned design parameters®. The hyperbolic region can be further
manipulated by varying the parameter G. In Fig. 1c, the gap distance is varied from 30 to 80 nm for the fixed
periodicity of L =240 nm, and the chemical potential of 4., =1 eV. Increased gap distances lead to the blue shift
of the transition frequency.

Optical performance of graphene-wrapped spherical particles. To get some insight into the local-
ized surface plasmon resonances of the graphene-coated spherical particles, an isolated particle under plane
wave illumination, as shown in the inset of Fig. 2, is considered. The normalized extinction efficiency for hollow
spheres (¢, =1) with the radii R ranging from 70 to 100 nm, the relaxation time 7 =32.9 fs, and §,=0.95 eV is
illustrated in Fig. 2 based on modified Mie-Lorenz theory considering both dipole and quadrupole modes®.
The normalization factor is the geometrical cross-section of the spheres. In general, increasing the sphere radius
red-shifts the resonance frequency. Moreover, the higher-order modes are not strongly excited in the isolated
spheres, but, they play a crucial role in the performance of the assemblies of these particles, as will be discussed
later.

Regarding the optical absorption of free-standing sphere array with the radii R=100 nm and optical param-
eters of 7=32.9 fs, and y, =0.95 eV for different values of the periodicity, as in Fig. 3, it is clear that dense arrays
make red-shift of the Mie resonance. Also, for an interval of periodicities (220-280 nm), the 50% absorption
rate, which is the maximum value for any free-standing symmetric array™, is attained. The impact of periodicity
in this interval is to set the frequency peak. Note that although particles with sub-nm gap distances are experi-
mentally realizable®, we have chosen the minimum distance as 20 nm to prevent the proximity and non-local
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effects®. Note that the value of the chemical potential matches with the optimized value of the next section in
the final design.

In Ref.?, simple expressions to evaluate the complex frequencies characterizing the extinction resonances
of a single graphene sphere is provided by calculating the poles of the modified Mie-Lorenz coefficients, where
its real part gives the peak center and its imaginary part denote its full width at half maximum (FWHM),
approximately®®. Noting that sparse arrays resemble the isolated spheres, once the particles are arranged in an
array, a spectral broadening is evident. Both redshift and spectral broadening are produced by coupling effects
between spheres in the array. In a dense 2D array of plasmonic sub-wavelength spheres, as the sphere radius
increases or as the lattice constant decreases, i.e., as the coverage increases, the parallel mode resonance is shifted
towards lower frequencies and the normal mode resonance to higher frequencies®. Since the normal-incidence
for the illuminating plane wave is considered here, only parallel mode is present in our simulations and its
performance is in agreement with’¢. Note that this figure is produced using CST 2017 software package and the
simulation setup will be introduced in the next section in detail.

Based on the results of the previous two subsections, by wisely choosing the optical and geometrical param-
eters of the graphene-wrapped spherical particles?, the associated localized surface plasmon resonances will
lie on the hyperbolic dispersion region of the densely packed strips leading to an efficient wideband enhanced
absorption.

Broadband absorber design using graphene-based grating-coupled nanoparticles

In this section, broadband absorber design using graphene-based grating-coupled nanoparticles will be pre-
sented. The unit cell consists of a graphene-coated hollow spherical particle resided on top of the two densely
packed crossly stacked graphene strips. The necessity of each element for the broadband response is clarified
and excited surface plasmons are exhibited by providing the spatial distribution of the electric field. Finally,
various parametric studies are conducted to discuss the influence of the geometrical parameters on broadband
optical absorption.

Broadband absorber design using multiple resonances in the unit cell. In the following para-
graphs, the previously introduced 2D hyperbolic meta-surface will be used as a substrate for the broadband
absorber design. The unit cell of our proposed wideband absorber which is constructed by two stacked densely
packed graphene strips with the width of W=220 nm and gap distance of G=20 nm is illustrated in Fig. 4.
Graphene-coated hollow spherical nanoparticles with the radius of R=100 nm have prepared on the top of the
2D hyperbolic meta-surface. Therefore, by exciting the propagating surface plasmons of the strips, the localized
surface plasmons of the particles are excited due to electrical connection. The relative distance between the two
strips is d=100 nm and the lower one is rotated 90° concerning the other one. The reason for this modification
relies on the fact that even-layered crossly stacked anisotropic 2D material nano-structures support comple-
mentarily excited surface plasmon resonances in the two lattice directions and are capable of polarization-inde-
pendent absorption®’. For simplicity, the geometrical parameters of both strips are considered to be identical.
The supporting substrate is a dielectric with the height of h=1900 nm and relative permittivity of e,=2. There
is also a metallic mirror beneath the substrate to contribute to the absorption enhancement by suppressing the
transmitted wave®. This layer is constructed by gold (Au) material with the dispersive constitutive parameters
extracted from®. This layer is also beneficial in the electrostatic biasing of the device as a reference plane®’. The
3D view of the absorber is exhibited in Fig. 4c in which the ribbons of each layer are connected through bridges
for the ease of practical applications®. The subsequent results are provided with the unit cell analysis of the fre-
quency domain solver of CST 2017 commercial software package. In all simulations, the first TE and TM modes
are considered to be excited in the Floquet ports, unless otherwise is stated.

The absorption spectrums of our proposed structure for a set of chemical potentials (y,,, y.,) (€V) which are
associated with the bias voltages (v,,v,) (V) is illustrated in Fig. 5a. The figure corresponds to the set of (0.95,
1.4) eV which is obtained by optimization through various parametric sweeps. The broadband absorption with
the 90% absorption rate for the frequency span ranging from 21.36-40.52 THz is confirmed. The covering
bandwidth is comparable with that of Ref.*. The advantage of our proposed structure is using a much smaller
unit cell. The periodicity in Ref.*® is 10 um while in our design it is 240 nm. Similar operating wide bandwidths
can be also found in Refs.*>%, respectively designed with four-ring elements and tapered patch antennas. Note
that wideband absorbers based on graphene sheet or pattern are mainly designed in the terahertz frequencies
and lower®-%. The dynamic bandwidth of the proposed absorber will be compared with graphene-based particle
assisted absorbers in the last section. It should be emphasized that loosely coupled graphene strips behave as RLC
resonators and enables the optical absorption at resonance®. In the presented simulations, graphene isotropic
local surface conductivity is applied to the densely packed strips. The procedure of extracting the anisotropic
effective surface conductivity of hyperbolic meta-surfaces using commercial software packages can be found in®.

To show the necessity of each graphene-based section, in Fig. 5b, the absorption rate of each individual
graphene-based section is illustrated. Figure 5b indicates that spheres play the main role for the highest frequen-
cies, whereas bottom strips do it for the lowest frequencies. The top strip plays a minor role when isolated because
ribbons are parallel to the incident electric field, preventing the excitation of surface plasmons in this sheet.

For further clarification of the performance, the absorption spectrum of three geometries obtained by remov-
ing one of the designed layers each time is included in Fig. 5¢. Specifically, the blue curve is associated with the
optical absorber constructed by crossly stacked double graphene strips. Moreover, red and yellow curves are
respectively obtained by considering only the bottom and top strip in the simulation while maintaining the
spherical particle. When combining spheres and top strip, scattered fields from spheres enable the excitation
of surface plasmons at mid frequencies propagating in the top strip, thus increasing the absorption at such
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Figure 4. (a) Top and (b) side views of graphene-based grating-coupled spherical nanoparticles on top of
the metallic mirror. The biasing bridges are not illustrated in these sub-figures. (c) 3D view of our proposed
wideband absorber which is biased with the bridges. For better illustration, the supporting dielectric is not
shown in this sub-figure.

mid-range of frequencies. This effect is caused by the near-field coupling of the sphere and the top strip via gap
plasmons. This can be inferred when comparing Fig. 5b (only spheres and only top strip) and Fig. 5¢ (without
bottom strip). In conclusion, the coupling between the sphere array and top strip plays an important role.
Coupling between the top and bottom strip sheets is very weak, practically negligible, as can be inferred when
comparing Fig. 5b (only bottom strip) with Fig. 5¢ (without particles), which are very similar, almost identical.
This conclusion can be also sustained by the fact that the response of the whole setup almost is invariant to the
position of the bottom strip, as will be further investigated in the next sub-section.

Another outstanding feature of our proposed absorber is using the graphene-wrapped hollow particles in the
design. Core material impacts the absorption amount of graphene-wrapped spheres since its decrease is equiva-
lent to the decrease in the geometrical size of the system resulting in blue shift and enhancement of absorption
efficiency®. Considering hollow particles has another advantage and that is providing a lightweight device. The
fabrication fellow of hollow graphene-wrapped particles can be summarized as follows. After preparation of the
graphene sheet and silicon dioxide (SiO,) nanoparticles, they should be mixed by ultrasonic dispersion in the
deionized water, then dried by vacuum freeze-drying process. After annealing the resulted powder in argon gas,
the SiO, template can be removed by immersing 20% hydrofluoric acid (HF) solution with stirring”.
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Figure 5. (a) The absorption spectrum of our proposed absorber in Fig. 4 for the chemical potential set
(0.95,1.4) (eV), (b) considering each graphene-based element of the unit cell individually and (c) in three cases,
each containing only two of the graphene-based sections. The graphene-coated spheres are hollow and the
relative permittivity of the substrate is 2. The geometrical parameters are W=220 nm, G=20 nm, R=100 nm,
d=100 nm, and #=1900 nm.
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Figure 6. The electric field distributions at three frequencies for the absorber with the chemical potential set
0f (0.95, 1.4) eV (a—c) 25 THz (d-f) 30 THz and (g-i) 37 THz. The graphene-coated spheres are hollow and the
relative permittivity of the substrate is 2. The geometrical parameters are W =220 nm, G=20 nm, R=100 nm,
d=100 nm, and h=1900 nm.

- ST TN

Table 1. The surface charge distributions for the quadrupole mode (I=2) with various degrees () regenerated
from?.

To further investigate the performance, the electric field distributions at three frequencies are illustrated in
Fig. 6 for all spatial directions. Based on the figure, the quadrupole localized surface plasmons of the spheri-
cal particles with different degrees are excited in Fig. 6d-i. In the analytical investigation, they are attained by
varying the degrees of the associated Legendre functions in the modified Mie-Lorenz solution”. For the sake
of clarity, the surface charge distributions which are proportional to P} (cos §)e™? are regenerated from Ref.”
for the quadrupole modes (I=2) of various degrees (n=0, 1, 2). The symbol P’ represents the associated Leg-
endre function and the results are summarized in Table 1. Note that we plot the real part of the latter expression
and that negative n values differ from their positive counterparts only by a rotation. It should be noted that
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Figure 7. The absorption spectrum of the proposed structure in Fig. 4 for (a) TE and (b) TM modes for oblique
incidence considering the chemical potential set of (0.95, 1.4) eV for biasing. The graphene-coated spheres are
hollow and the relative permittivity of the substrate is 2. The geometrical parameters are W=220 nm, G=20 nm,
R=100 nm, d=100 nm, and #=1900 nm.

higher-order plasmonic resonances are also capable of efficient energy absorption’’ and they are excited due to
the hybridization”.

The excited plasmons on the sub-wavelength strip gaps are illustrated in Fig. 6a,d,g. Enhanced electric field
distributions at the gap can be interpreted as different guided mode excitations originating from the coupling of
air gaps and paired plasmonic nanostructures’. Moreover, gap plasmons occurring between a given sphere and
the graphene strip set below, enable plasmonic coupling in the form of gap plasmons with increased absorption.
Gap plasmons exhibit the concentration and thus the absorption of the confined fields due to the large effective
index’*7. These resonances appear only for the sufficiently narrow inter-element gaps in which highly coupled
plasmons result in a metal-insulator-metal (MIM) like performance supporting a cavity mode or plasmonic
standing wave, and they are characterized by strong absorption of the incident light’*””. Note that excitation
of gap plasmons have been reported using a variety of structures including but not limited to a Bottle-like nar-
rowband absorber, MIM structures with nanometer-sized spacers, deep metallic grating with narrow slits, and
paired nanowire waveguides’®!,

Another efficient resonance for the absorption is the propagating surface plasmons in the stacked strips. This
particular mode in the strips shows an antinode (max/min) at the center of the strip for E, in Fig. 6b,e. Moreover,
it shows a node (zero) at the center of the strip for E, in Fig. 6¢,f,i. This is compatible with an edge mode, and
also with a bulk plasmon mode (in the latter case, the fundamental mode), as can be inferred when comparing
the field with those of Refs.®#2. Our proposed structure can be considered as a substrate mediated plasmonic
hybridization technique similar to the graphene decorated silver nanoparticles, metallic nanoparticle-dimer on
a mirror, and nanoparticle/graphene/film combinations®-%.

To investigate the influence of the polarization and incident angle of the electromagnetic source on the
amount of absorption, the incident angle 6 is varied from 0° to 80° for TE and TM polarizations. The simulation
results, illustrated in Fig. 7, confirms that high absorption is achievable for both TE and TM waves under any
incident angle up to 40°. This feature is attained thanks to the fourfold rotational structural symmetry of the
proposed unit cell. It should be emphasized that in the proposed design, orthogonally stacked graphene nano-
ribbon pairs are the key to achieve polarization independence performance similar to the structures constructed
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Figure 8. The influence of the geometrical parameters on the optical performance, (a) gap distance of the
strips G (nm), and (b) radius of the sphere R (nm). The periodicity of 240 nm is maintained in both cases. The
graphene-coated spheres are hollow and the relative permittivity of the substrate is 2. The initial geometrical
parameters are W=220 nm, G=20 nm, R=100 nm, d=100 nm, and #=1900 nm.

by other 2D anisotropic materials®”*’. The minor difference in the performance of TE and TM modes is attributed
to residing graphene-wrapped particles on the top strip.

Parametric study of geometrical factors. The impact of the geometrical parameters on the optical
performance of the absorber is investigated in Fig. 8. To investigate the effect of strip gaps, the parameter G is
varied from 30 to 80 nm. In all the simulations the strip widths are decreased to maintain the previous value of
the periodicity. Based on the results of Fig. 8a gap plasmons play an important role in the wideband performance
since by increasing the gap distance, the 90% frequency bandwidth becomes narrower.

The electric field distributions at two resonance peaks for G=_80 nm is included in Fig. 9. The results indicate
that the low-frequency resonance is a bulk surface plasmon resonance that is a Fabry-Perot (FP) resonance
(strong field concentration in the interior region of an individual ribbon), whereas the higher-frequency reso-
nance is an edge effect due to the proximity of graphene ribbons (high field localized between two neighbor-
ing ribbons) in the bottom meta-surface. Patterns of E, in Fig. 9¢,f are clarifying. The broadband nature of the
absorption peak for W=220 nm (corresponding to G=20 nm) in Fig. 5 is caused as a contribution of the fun-
damental FP mode in the graphene ribbon, which is spectrally close to the edge mode, where the relatively low
quality factors of both lead to an overlapping of them. Note that for every considered value of the gap parameter
G, the absorption band coincides with the hyperbolic regime of the graphene meta-sheet, as shown in Fig. 1c.
Moreover, the radii of the spheres R is swept from 60 to 90 nm in Fig. 8b. This modification slightly impacts the
optical response.

Figure 10 confirms that by changing the relative distances of the strips from d=80-400 nm, the performance
is slightly changed, indicating that the inter-coupling of surface plasmons in graphene sheets is a neglecting
mechanism for absorption, enabling a robust performance against fabrication tolerance. This performance is
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Figure 9. The electric field distributions for the absorber in Fig. 8a, considering G=80 nm.

Absorption

0.4 1 1 1 1 1
20 25 30 35 40

Frequency (THz)

Figure 10. The parametric sweep of the distances between the stacked strips d (nm) for the chemical potential
set (0.95,1.4) eV to investigate the influence of plasmonic coupling. The overall thickness of the absorber is
d+h=2 pm in all cases. The graphene-coated spheres are hollow and the relative permittivity of the substrate is
2. The geometrical parameters are W=220 nm, G=20 nm, and R=100 nm.

expected due to the extreme light confinement in the graphene-based densely packed strips*. Similarly, the local
nature of surface plasmons has resulted in the periodicity independent behavior in another graphene-based
absorber based on magnetic dipole resonances®. This result can be further confirmed by comparing Fig. 5b
(only bottom strip) with Fig. 5¢ (without particles), which are almost identical. In the simulations of this figure,
the overall thickness is d+ /=2 pm.

Finally, note that the chemical potential for the wideband performance in Fig. 5a was chosen based on multi-
ple parametric sweeps. The wide bandwidth is maintained for other sets of properly chosen chemical potentials,
as shown in Fig. 11. The nature of the underlying mechanism is the same for all sets. The dynamic broadband
absorption with the 90% absorption rate for the frequency span ranging from 18.16 to 40.47 THz is confirmed
using a two-state biasing scheme. Also, based on Ref.®, the maximum attainable bandwidth using a single layer
of graphene-coated particles is around 7.13 THz which can be extended to 13.96 THz by stacking double layers
of such particles with optimized parameters. The present design has a single layer of particles and its substrate
thickness is around half of Ref.* while providing 22.31 THz of dynamic bandwidth. This design offers the
opportunity to the dynamic tuning of the chemical potential, as well. On the other hand, the dynamic tuning
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Figure 11. Wideband absorption for different sets of chemical potentials. The graphene-coated spheres are
hollow and the relative permittivity of the substrate is 2. The geometrical parameters are W=220 nm, G=20 nm,
R=100 nm, d=100 nm, and #=1900 nm.

of the absorbers in Ref.* are not practically feasible due to the isolation of the particles. The bandwidth can be
further improved by engineering particle size to excite other plasmonic resonances'.

Conclusion

By simultaneously exciting the localized surface plasmon resonances of graphene-coated nanoparticles and the
propagating surface plasmons of stacked densely packed graphene strips, a wideband optical absorber can be
realized. Bandwidth enhancements can be interpreted based on the anisotropic nature of tightly coupled graphene
strips which behave as a 2D hyperbolic material in the desired operating bandwidth. The narrow gaps between
the strips result in the excitation of the gap plasmons as another absorption enhancement mechanism. Moreover,
once these anisotropic layers are stacked in the cross-shaped form, they provide a polarization-independent
absorption. The proposed structure offers a simple approach for practical biasing of the graphene-based nano-
particles deposited on the strips. The real-time plasmonic performance tuning is feasible to further enhance the
dynamic bandwidth of the structure. The wideband absorption bandwidth of our proposed structure is main-
tained for the oblique angles up to around 40° and it is lightweight and sub-wavelength.

Received: 1 July 2020; Accepted: 23 October 2020
Published online: 04 November 2020

References
1. Escoubas, L. et al. Design and realization of light absorbers using plasmonic nanoparticles. Prog. Quantum Electron. 63, 1-22
(2019).
2. Wheeler, M. S., Aitchison, J. S. & Mojahedi, M. Three-dimensional array of dielectric spheres with an isotropic negative perme-
ability at infrared frequencies. Phys Rev. B 72, 193103 (2005).
3. Tian, Y. et al. Numerical simulation of gold nanostructure absorption efficiency for fiber-optic photoacoustic generation. Prog.
Electromagn. Res. 42, 209-223 (2013).
4. Monti, A., Toscano, A. & Bilotti, F. Exploiting the surface dispersion of nanoparticles to design optical-resistive sheets and Salisbury
absorbers. Opt. Lett. 41, 3383-3386 (2016).
5. Monti, A., A, A., Toscano, A. & Bilotti, F. Narrowband transparent absorbers based on ellipsoidal nanoparticles. Appl. Opt. 56,
75337538 (2017).
6. Akimov, Y. A. & Koh, W. S. Design of plasmonic nanoparticles for efficient subwavelength light trapping in thin-film solar cells.
Plasmonics 6, 155-161 (2011).
7. Xiu, X. et al. High-performance 3D flexible SERS substrate based on graphene oxide/silver nanoparticles/pyramid PMMA. Opt.
Mater. Express 8, 844-857 (2018).
8. Raad, S. H. & Atlasbaf, Z. Tunable optical meta-surface using graphene-coated spherical nanoparticles. AIP Adv. 9, 075224 (2019).
9. Gingins, M., Cuevas, M. & Depine, R. Surface plasmon dispersion engineering for optimizing scattering, emission, and radiation
properties on a graphene spherical device. Appl. Opt. 59, 4254-4262 (2020).
10. Olivo, J. & Cuevas, M. Enhanced energy transfer via graphene-coated wire surface plasmons. J. Quant. Spectrosc. Radiat. Transfer
239, 106655 (2019).
11. Raad, S. H., Atlasbaf, Z. & Zapata-Rodriguez, C. J. Multi-frequency near-field enhancement with graphene-coated nano-disk
homo-dimers. Opt. Express 27, 37012-37024 (2019).
12. Zhu, J. et al. Near unity ultraviolet absorption in graphene without patterning. Appl. Phys. Lett. 112, 153106 (2018).
13. 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).
14. Raad, S. H. & Atlasbaf, Z. in Electrical Engineering (ICEE), Iranian Conference on. 98-102 (IEEE).
15. Raad, S. H. & Atlasbaf, Z. Equivalent RLC ladder circuit for scattering by graphene-coated nanospheres. IEEE Trans. Nanotechnol.
18, 212-219 (2019).

Scientific Reports |

(2020) 10:19060 |

https://doi.org/10.1038/s41598-020-76037-x nature research



www.nature.com/scientificreports/

16.

17.
18.

19.
20.
21.
22.

23.
. Zhou, ], Kaplan, A. F, Chen, L. & Guo, L. . Experiment and theory of the broadband absorption by a tapered hyperbolic meta-

25.
26.
27.
28.

29.
. Deng, G., Song, X., Dereshgi, S. A., Xu, H. & Aydin, K. Tunable multi-wavelength absorption in mid-IR region based on a hybrid

31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
. Gomez-Diaz, J. & Alu, A. Flatland optics with hyperbolic metasurfaces. ACS Photon. 3,2211-2224 (2016).
51.
52.
53.
54.
55.
56.
57.

58.
59.

Sun, L., Wang, X,, Yu, Z., Huang, J. & Deng, L. Patterned AIN ceramic for high-temperature broadband reflection reduction. J.
Phys. D Appl. Phys. 52, 235102 (2019).

Wang, H. & Wang, L. Perfect selective metamaterial solar absorbers. Opt. Express 21, A1078-A1093 (2013).

Zhang, Z. et al. Broadband metamaterial absorber for low-frequency microwave absorption in the S-band and C-band. J. Magn.
Magn. Mater. 497, 166075 (2020).

Raad, S. H. & Atlasbaf, Z. Broadband continuous/discrete spectrum optical absorber using graphene-wrapped fractal oligomers.
Opt. Express 28, 18049-18058 (2020).

Zhu, J., Li, C, Ou, J.-Y. & Liu, Q. H. Perfect light absorption in graphene by two unpatterned dielectric layers and potential applica-
tions. Carbon 142, 430-437 (2019).

Guo, C. C. et al. Experimental demonstration of total absorption over 99% in the near infrared for monolayer-graphene-based
subwavelength structures. Adv. Opt. Mater. 4, 1955-1960 (2016).

Zhao, Y. et al. Dual band and tunable perfect absorber based on dual gratings-coupled graphene-dielectric multilayer structures.
Opt. Express 27, 5217-5229 (2019).

Sreekanth, K. V. et al. A multiband perfect absorber based on hyperbolic metamaterials. Sci. Rep. 6, 26272 (2016).

material array. ACS Photon. 1, 618-624 (2014).

Jiang, X., Wang, T., Zhong, Q., Yan, R. & Huang, X. Ultrabroadband light absorption based on photonic topological transitions in
hyperbolic metamaterials. Opt. Express 28, 705-714 (2020).

Deng, G., Dereshgi, S. A., Song, X., Wei, C. & Aydin, K. Phonon-polariton assisted broadband resonant absorption in anisotropic
a-phase MoO3 nanostructures. Phys. Rev. B 102, 035408 (2020).

Ferrari, L., Wu, C., Lepage, D., Zhang, X. & Liu, Z. Hyperbolic metamaterials and their applications. Prog. Quantum Electron. 40,
1-40 (2015).

Othman, M. A., Guclu, C. & Capolino, F. Graphene-based tunable hyperbolic metamaterials and enhanced near-field absorption.
Opt. Express 21, 7614-7632 (2013).

Li, P. et al. Infrared hyperbolic metasurface based on nanostructured van der Waals materials. Science 359, 892-896 (2018).

patterned graphene-hBN structure. Opt. Express 27, 23576-23584 (2019).

Dereshgi, S. A, Liu, Z. & Aydin, K. Anisotropic localized surface plasmons in borophene. Opt. Express 28, 16725-16739 (2020).

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).

Huang, M. L. et al. Design of a broadband tunable terahertz metamaterial absorber based on complementary structural graphene.
Materials 11, 540 (2018).

Chen, D,, Yang, J., Zhang, J., Huang, J. & Zhang, Z. Section 1Tunable broadband terahertz absorbers based on multiple layers of
graphene ribbons. Sci. Rep. 7, 1-8 (2017).

Ju, Z., Deng, M., Wang, J. & Chen, L. Reconfigurable multifrequency and wide-angle directional beaming of light from a subwave-
length metal slit with graphene metasurfaces. Opt. Lett. 45, 2882-2885 (2020).

Abdulhalim, I. Coupling configurations between extended surface electromagnetic waves and localized surface plasmons for
ultrahigh field enhancement. Nanophotonics 7, 1891-1916 (2018).

Zou, Y., Tassin, P, Koschny, T. & Soukoulis, C. M. Interaction between graphene and metamaterials: split rings vs. wire pairs. Optics
Express 20, 12198-12204 (2012).

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. Transfer 173, 26-33 (2016).

Ma, X. et al. Graphene oxide wrapped gold nanoparticles for intracellular Raman imaging and drug delivery. J. Mater. Chem. B 1,
6495-6500 (2013).

Gomez-Diaz, J. S., Tymchenko, M. & Alu, A. Hyperbolic plasmons and topological transitions over uniaxial metasurfaces. Phys.
Rev. Lett. 114, 233901 (2015).

Sarkar, S. et al. Hybridized guided-mode resonances via colloidal plasmonic self-assembled grating. ACS Appl. Mater. Interfaces.
11, 13752-13760 (2019).

Porter, B. E, Mkhize, N. & Bhaskaran, H. Nanoparticle assembly enabled by EHD-printed monolayers. Microsyst. Nanoeng. 3, 1-9
(2017).

Zhu, J., Zhang, L., Jiang, S., Ou, J.-Y. & Liu, Q. H. Selective light trapping of plasmonic stack metamaterials by circuit design.
Nanoscale 12, 2057-2062 (2020).

Chen, Y, Zhu, J., Xie, Y., Feng, N. & Liu, Q. H. Smart inverse design of graphene-based photonic metamaterials by an adaptive
artificial neural network. Nanoscale 11, 9749-9755 (2019).

Raad, S. H., Atlasbaf, Z., Shahabadi, M. & Rashed-Mohassel, ]. Dyadic Green’s function for the tensor surface conductivity bound-
ary condition. IEEE Trans. Magn. 55, 1-7 (2019).

Naserpour, M., Zapata-Rodriguez, C. J., Vukovi¢, S. M., Pashaeiadl, H. & Beli¢, M. R. Tunable invisibility cloaking by using isolated
graphene-coated nanowires and dimers. Sci. Rep. 7, 1-14 (2017).

Christensen, T., Jauho, A.-P.,, Wubs, M. & Mortensen, N. A. Localized plasmons in graphene-coated nanospheres. Phys. Rev. B 91,
125414 (2015).

Guo, Y., Zhang, T., Yin, W.-Y. & Wang, X.-H. Improved hybrid FDTD method for studying tunable graphene frequency-selective
surfaces (GFSS) for THz-wave applications. IEEE Trans. Terahertz Sci. Technol. 5, 358-367 (2015).

Chen, H. et al. Mode coupling properties of the plasmonic dimers composed of graphene nanodisks. Appl. Sci. 7, 359 (2017).

Thongrattanasiri, S., Manjavacas, A. & Garcia de Abajo, F. . Quantum finite-size effects in graphene plasmons. Acs Nano 6,
1766-1775 (2012).

Raad, S. H.,, Atlasbaf, Z., Rashed-Mohassel, ]. & Shahabadi, M. Scattering from graphene-based multilayered spherical structures.
IEEE Trans. Nanotechnol. 18, 1129-1136 (2019).

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

Barrow, S. J., Wei, X., Baldauf, J. S., Funston, A. M. & Mulvaney, P. The surface plasmon modes of self-assembled gold nanocrystals.
Nat. Commun. 3, 1-9 (2012).

Im, H., Bantz, K. C,, Lindquist, N. C., Haynes, C. L. & Oh, S.-H. Vertically oriented sub-10-nm plasmonic nanogap arrays. Nano
Lett. 10, 2231-2236 (2010).

Modinos, A. & Stefanou, N. Optical properties of a two-dimensional array of metallic spheres on a substrate. Acta Phys. Pol. A 81,
91-99 (1991).

Xia, S.-X., Zhai, X., Wang, L.-L. & Wen, S.-C. Polarization-independent plasmonic absorption in stacked anisotropic 2D material
nanostructures. Opt. Lett. 45, 93-96 (2020).

Xiong, H. et al. Ultra-thin and broadband tunable metamaterial graphene absorber. Opt. Express 26, 1681-1688 (2018).

Nikitin, A. Y., Guinea, F. & Martin-Moreno, L. J. A. P. L. Resonant plasmonic effects in periodic graphene antidot arrays. 101, 151119
(2012).

Scientific Reports |

(2020) 10:19060 | https://doi.org/10.1038/s41598-020-76037-x nature research



www.nature.com/scientificreports/

60.

Ordal, M. A. et al. Optical properties of the metals al, co, cu, au, fe, pb, ni, pd, pt, ag, ti, and w in the infrared and far infrared. Appl.
Opt. 22,1099-1119 (1983).

61. Correas-Serrano, D., Gomez-Diaz, J. S., All1, A. & Melcén, A. A. Electrically and magnetically biased graphene-based cylindrical
waveguides: analysis and applications as reconfigurable antennas. IEEE Trans. Terahertz Sci. Technol. 5,951-960 (2015).

62. Qi, L. & Liu, C. Broadband multilayer graphene metamaterial absorbers. Opt. Mater. Express 9, 1298-1309 (2019).

63. Liu, L. et al. Wide-angle broadband absorption in tapered patch antennas. Opt. Express 26, 1064-1071 (2018).

64. Huang, X., Pan, K. & Hu, Z. Experimental demonstration of printed graphene nano-flakes enabled flexible and conformable
wideband radar absorbers. Sci. Rep. 6, 38197 (2016).

65. Yang, J. et al. Broadband terahertz absorber based on multi-band continuous plasmon resonances in geometrically gradient
dielectric-loaded graphene plasmon structure. Sci. Rep. 8, 1-8 (2018).

66. Shen, H. et al. A polarization-insensitive and wide-angle terahertz absorber with ring-porous patterned graphene metasurface.
Nanomaterials 10, 1410 (2020).

67. Barzegar-Parizi, S. Graphene-based tunable dual-band absorbers by ribbon/disk array. Opt. Quant. Electron. 51, 167 (2019).

68. Yermakov, Y. et al. Effective surface conductivity of optical hyperbolic metasurfaces: from far-field characterization to surface wave
analysis. Sci. Rep. 8, 1-10 (2018).

69. Yang, B, Wu, T, Yang, Y. & Zhang, X. Tunable subwavelength strong absorption by graphene wrapped dielectric particles. J. Opt.
17, 035002 (2015).

70. Cai, D. et al. Facile synthesis of ultrathin-shell graphene hollow spheres for high-performance lithium-ion batteries. Electrochim.
Acta 139, 96-103 (2014).

71. Huang, M. et al. Based on graphene tunable dual-band terahertz metamaterial absorber with wide-angle. Opt. Commun. 415,
194-201 (2018).

72. Rosolen, G. & Maes, B. Asymmetric and connected graphene dimers for a tunable plasmonic response. Phys. Rev. B 92, 205405
(2015).

73. Cheng, Y., Luo, H., Chen, F. & Gong, R. Triple narrow-band plasmonic perfect absorber for refractive index sensing applications
of optical frequency. OSA Continuum 2,2113-2122 (2019).

74. Cheng, Y., Zhang, H., Mao, X. S. & Gong, R. Dual-band plasmonic perfect absorber based on all-metal nanostructure for refractive
index sensing application. Mater. Lett. 219, 123-126 (2018).

75. Nielsen, M. G., Pors, A., Albrektsen, O. & Bozhevolnyi, S. I. Efficient absorption of visible radiation by gap plasmon resonators.
Opt. Express 20, 13311-13319 (2012).

76. Doherty, M. D., Murphy, A., Pollard, R. J. & Dawson, P. Surface-enhanced raman scattering from metallic nanostructures: bridging
the gap between the near-field and far-field responses. Phys. Rev. X 3, 011001 (2013).

77. Pors, A., Albrektsen, O., Radko, I. P. & Bozhevolnyi, S. I. Gap plasmon-based metasurfaces for total control of reflected light. Sci.
Rep. 3,1-6 (2013).

78. Meng, L., Zhao, D, Li, Q. & Qiu, M. Polarization-sensitive perfect absorbers at near-infrared wavelengths. Opt. Express 21, A111-
A122 (2013).

79. Pors, A. & Bozhevolnyi, S. I. Efficient and broadband quarter-wave plates by gap-plasmon resonators. Opt. Express 21, 2942-2952
(2013).

80. Liao, Y.-L. & Zhao, Y. Ultrabroadband absorber using a deep metallic grating with narrow slits. Opt. Commun. 334, 328-331 (2015).

81. Bora, M. et al. Plasmon resonant cavities in vertical nanowire arrays. Nano Lett. 10, 2832-2837 (2010).

82. Nikitin, A. Y., Guinea, F, Garcia-Vidal, E J. & Martin-Moreno, L. Surface plasmon enhanced absorption and suppressed transmis-
sion in periodic arrays of graphene ribbons. Phys. Rev. B 85, 081405 (2012).

83. Xia, S.-X., Zhai, X., Wang, L.-L. & Wen, S.-C. Plasmonically induced transparency in double-layered graphene nanoribbons.
Photon. Res. 6,692-702 (2018).

84. Srichan, C. et al. Highly-sensitive surface-enhanced Raman spectroscopy (SERS)-based chemical sensor using 3D graphene foam
decorated with silver nanoparticles as SERS substrate. Sci. Rep. 6, 23733 (2016).

85. Huang, Y. et al. Hybridized plasmon modes and near-field enhancement of metallic nanoparticle-dimer on a mirror. Sci. Rep. 6,
1-9 (2016).

86. Lee, K. J. et al. Observation of wavelength-dependent quantum plasmon tunneling with varying the thickness of graphene spacer.
Sci. Rep. 9, 1-8 (2019).

87. Wang, ], Jiang, Y. & Hu, Z. Dual-band and polarization-independent infrared absorber based on two-dimensional black phosphorus
metamaterials. Opt. Express 25, 22149-22157 (2017).

88. Fan, Y. et al. Monolayer-graphene-based broadband and wide-angle perfect absorption structures in the near infrared. Sci. Rep.
8,1-8 (2018).

89. Raad, S. H. & Atlasbaf, Z. Broadband/multiband absorption through surface plasmon engineering in graphene-wrapped nano-
spheres. Appl. Opt. 59, 8909-8917 (2020).

Acknowledgements

Iran National Science Foundation (98012903).

Author contributions

S.H.R. proposed the idea, performed the simulations, and wrote the initial draft. Z.A. supervised the entire
project. C.J.Z.R. supervised the revision of the manuscript and assisted in clarifying the underlying mechanism.
All authors confirmed the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.H.R.

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.

Scientific Reports |

(2020) 10:19060 | https://doi.org/10.1038/s41598-020-76037-x nature research


www.nature.com/reprints

www.nature.com/scientificreports/

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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:19060 | https://doi.org/10.1038/s41598-020-76037-x natureresearch


http://creativecommons.org/licenses/by/4.0/

	Broadband absorption using all-graphene grating-coupled nanoparticles on a reflector
	The optical performance of densely packed graphene strips and graphene-coated spherical particles
	Optical performance of densely packed graphene strips. 
	Optical performance of graphene-wrapped spherical particles. 

	Broadband absorber design using graphene-based grating-coupled nanoparticles
	Broadband absorber design using multiple resonances in the unit cell. 
	Parametric study of geometrical factors. 

	Conclusion
	References
	Acknowledgements


