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Abstract

Broadbandstronglight absorption of unpolarized light over a wide range of angles in a large
area ultrathin film is critical for applications like pbwgbltaics, photodetectors, thermal
emitters and optical modulators. Despaeg-standingefforts in design and fabrication,has
beenchallenging to achievall these desired properties simultaneousle experimentally
demonstrate al2.5 cni, 90 nmthick graphene metamateriatith approximately 85%
absorptivity of unpolarized visible and neamfrared light coveringalmostthe entire solar
spectrum(300-2500 nn). The metamateriatonsiss of alternating graphenand dielectric
layers a gratingcouples the light into waveguide mod@sachieve broadband absorption
over incident angles up to 60fhe very broad spectral and angular respoot#se absorber
are ideal for solar thermal applications, as we illustrate by sholgatjingto 160 iC in
natural sun light. These devices open a novel approach to applications of strongly absorbing

large-area photonic devices based on 2D materials.



The performance of an idestrongabsorber is that of a black bddy material that absorbs
radiation at all angles and polarizations, over a broad bandwiddy. have applications
photo thermaknergy generatidfi, desalination, thermal emittefs modulator§ detectord®,

and concealmetft Thick incoherent aorbers, like carbon nanotube¥ or plasmonic
nanocomposités>'® use randomly disibuted and oriented nanoparticles to achistreng
absorption. However, their large thickness (AD@s ofmicrometery impedesdevice
integration and can degrade performdfice Thin coherent absorbers have been
implemented using plasmonic metamateti&fs dielectric gratings and layered structures
composed of 2D materiatd?* andhyperbolic metamaterial nanopartid®sThough some of
these achieve broadband, polarizafiotlependent operatiéh most only achieve single
polarization or narrowband absorption despherr complicated designs*%%%?% and all
requiresophisticated nanofabricatiomhis prevents practical applicationsat require large
areas such as energy harvestimmd thermephotovoltaic®. Although omnidirectional,
broadband light absorptidhwasrecently demonstrateid coatedultrathin metallic film the
suitability of these devices for energy conversion, including photothermal applications, is
unproven because thatablity of metallic nanostructures is significantly lower than that of

their bulk forms.

Graphenas emergingas a promising candidate for ultratlstnonglight absorptiordue to its
outstanding optical properti€sThe absence of a bandgap in graphene means tisdtbs
electromagnetic radiation over very wide bandwidth, ranging from the ultraviolet to the
terahertz reginte. Since at visible and neainfrared frequencies a monolayer of intrinsic
graphene has broadband absorption of 2.3% achieving strong absorption requires
significant enhancement. A mackhigh 47.2% absorption in monolayer graphene via a multi
layer structure was demonstrated 'a13 #nf>. Strong light absorptioin a single patterned
sheet of doped graphéfd® and in monolayer graphene sandwiched in a FRlerpt cavity
structuré® at I" 1.1 #m were predicted, as wasrong, nearinfrared light absorptionin a
graphenebased hyperbolic metamateffai® However, these approaches are limitedato
single polarization, anddevice fabrication remains a chalhige. The proposed graphene
hyperbolic metamaterial, for examptmnsisting of alternating graphene and dielectric layers,
traditionally requires sophisticated and ticmnsuming chemical vapour deposition
Therefore 0 far there have beerorexperimental demonstrations sifong light absorption

in graphenébased metamaterial.



In this paper, we demonstraaeolarizatiorindependentltra-broad bandwidttstrong light
absorption(300-2500 nm) that covers almost tbatire solar spectruraver a largeangular
range in a graphendased metamaterial grating of deep subwavelength thickb@ssn)on

a flexible substrate The metamaterialconsists ofweakly absorbingalternatinggraphene
layers, separated bylossless dielectric, andt thus fundamentally differs from earlier
incoherent and coherent absorbér&nlike other thinfilm perfect absorbef§2+22333% our
device is polarizationindependent because a grating couples into TE anepdlitized
guided modeshoth ofwhich, by the careful design of the metamatensidergo significant
absorption The extraordinary performance of our device is achieved by thmlesa
combination of different light absorption regimes: at long wavelengths, the presence of the
grating is irrelevant and the device acts as a uniform thin film. In the visible part of the
spectrum the grating couples light into multiple guided wavesleads to norspecular
diffracted orders in the air. At the intermediate nAefnared (NIR) wavelengths the grating

excites guided waves but does not lead tosmecular orders in the air.

Our device is fabricated using inexpensive, solubased layeby-layer selfassembly (SA)
combined withdirect laser writing®, this enables us to fabricate metamaterial with a farge
area (12.5 cf), which is limited only by our translation stag€hus, our coseffective and
scalable graphene absorber is promising for integrated-$aajeapplications that require
polarizationindependent, anglmsensitiveand broad bandwidth absorption such as energy
harvesting, thermal emitters, optical interconnects, photodetectors and optical modulators.
Fabrication on a flexible substratnd the robstness stemming from graphemeake it
suitablefor industrial us&, and for applicatios that require conformatoverage, such as

concealmertf.
Design of graphenbased metamaterial absorber

The degree dight absorption can be thought of as the product of an interaction leraytti

an absorption coefficient $, whilminimizing reflection. For absorbers based on carbon
nanotubes, bothh and! are large and refection is avoided by a graded surfdcé In
comparison, achieving strong light absorptionin deep subwavelength thin films is
challenging.The interaction length. can be enlarged by coupling the incident light into
waves tlat propagate along thsairface, such as surface plasmons or waveguide AGdés

this way,strong absorptiomwas realized in structures of deep subwavelength thickiféss



and which have a grating &fectthe coupling. Howevethe bandwidtk waslimited to tens

of nanometres, and th&yerestrongly polarizatiorsensitive.

The absorbing element in our structig@ metamaterial consistirod periodically alternating
nanometethin layers of graphene (thicknds9 and a dieletric (thickness, ). Since each of
these layers is much thinner than the wavelength of lightmittamateriabehaves like a
uniform uniaxial film with effective parameter®. The effective irplane and oubf-plane

permittivity aregiven by the mixing formula

et (1)
Lottty )
with! I I, 1L 11 1 the graphene filling fraction, the permittivity of the dielectric, and

I, the inplane permittivity of a graphefle

"

I (3)

where " is the surface conductivity ard the vacuum permittivity. % is the angular
frequency. Complete absorption for TE and TM polarizasarannot be achieved sinfar
TM polarizationthis requires a modeseal partsince otherwise the field inside the absorber
is too weak, whereas thiemaginary partneeds to bdarge In contrast TE polarization
requires alarge real part, but a modest imaginary pdy carefully designing our
metamateriathroughthe filling fraction! , we find a compromishere both polarizations
are strongly absorbedVe control the thicknessf the graphene laysrdown to nanometer
accuracy while the thickness of the dielectric layisrt, ! !'"" . In this way the refractive
index and extinctioroefficientof the metamaterialan bewidely tuned (supplementary Fig.
S1).High, nearlypolarizationrindependenabsorptvity is achieved fot, ! " | for which,
according to Fig. Sthe metamateridbs permittivitgliffers significantlyfrom that ofppristine

graphene.

The metamaterial film is patterned periodically wathe-dimensionalir grooves forming a
grating (see Fig. 1)ncident TEpolarized light couples into TRolarized waveguide modes.
The electric field of such modas parallel to thefilm, and they arestrongly absorbed
because a significant fraction of the energy resides in the metanfatdriaidert TM-
polarized light couples into TM guided modes, for which the electric field is predominantly

perpendicular to the film. Compared to that in air, this field component is reduceddigra



I I(Eq. 2)in the metamaterialTM modes therefore have lessergy in the metamaterjal
lowering the absorptvity?’. To ensure that thabsorptiity is polarizatiorindependent
compared to the previous wdtkthe metamateriaheeds to havehigh intrinsic absorptivity
larger thickness; and lower peittivity. Our graphendased metamaterial allows us to
achieve all of theseequirementssimultaneously:even thoughthe metamateriatontains
dielectric, itnonethelesabsorbs stronglyour fabrication technique allows us to fabricaée
nm thick metamaterigland he permittivity of the metamaterial can kmsveredthrough the
relative thicknesses of the dielectric and the graphene léy@pplementary FigSl). The
combination othe grating metamaterial with a silver mirror and a S$pacer lagr (see Fig

1) ensures that reflected light striking the absorber from belmes not interfere

destructively withthe incident light.

As the graphene material halseadydemonstratetligh absorptvity atvisible wavelength¥,
we initially design the absorbeso asto increasethe absorptvity in the near infrared
wavelengthregion of 8001200 nm. A set of numerical simulations of the structwras
carried out using the EMStack packadé“’. The metamaterial has a thicknelss 90 nm
and the effect of laser photoreduction is included by modifying the graphetesproperties
(seeMethodg. The grating period ip = 980 nm and the width of the air grooveg s 500
nm. Thusin the range980-1200 nmand at normal incidencéhere areno propagatingnon
specular diffraction orders in the alihe SiQ spacer layer has a permittivity ! ' I" | and

a thicknesss = 80 nm. The silver mirror is 100 nm thick. The calculabdorptivityversus
wavelength and incideringle for TE and TM polarized light, as well as for unpa&atilight
are shown in Figs. 2a, b and c, respectivelyufag2d, e, and f showhe absorptivityversus
wavelength when averaged ovér20%(solid lines) and 840%(dashed linesincident anées.
TE-polarized light is calculated to have nearly @iisorptivityof up to 94% over an almost
300 nm spectral range (Figs. 2a,d), while for TM polarizatioratisorptvity exceeds 80%
(Figs. 2b,e). Theabsorptivity of unpolarized light exceeds 80&ker the entire bandwidth
examinedFigs. 2c, f). The absorption in theilverlayer is! 0.5% for unpolarized lighEven
though for!<980 nm the gratingleadsto propagating, nespecular orders in the air, which
act as additional channels for the lightetat the absorber, this does not seem to affect the

absorptivity

Fabrication of the absorber



The fabrication of thenetamateriakonsists ofthree steps (Fig. 3a): 1) Deposition of the
silver mirror and the Si©spacer ora substratg2) Selfassembly othe GO and dielectric
multilayers; 3)Reduction of the GO, andalfrication of the grating by femtosecond laser

writing.

The silver mirror and Si©spacer layer are deposited by physical vapour deposiioa.
graphene based metamaterial layefaisricated by using the wet chemicalfSAssembly

(SA) technique (see supplementary sect&#l), in which negatively charged GO layers and
positively charged Polydiallyldimethylammonium chloride (PDDA) are alternately deposited
thanks to a static electrforce® (supplementary section2p The thikness othe dielectric
layeris controlledby the choiceof the dielectric materialywhile the thickness od GO layer

is controlled by the concentration thie GO solutionand the layethicknessof the GO flakes

in the solution which is1~2 layers (spplementary section S2E0 is a graphene network
with oxygen containing groups. An AFM is used to measure the thickness of each layer and
the surface roughness.l@yer thickness o2 nm of the GO layer can be accurately achieved
while the surface roughness, which plays a key role in photonic applications, can be

controlledto less than 2 nm on average.

The grating was fabricated usingdightly focused femtosecond laser béariVe used =800

nm, 100 fs laser pulses, which were focused by a 0.8 numerical aperture (NA) ebgtdiv
The beamalso reduces some of the GO (Fig.*3%) The removal of oxygen containing
groups and the recovery thfe sp2 graphene network @é@monstratetty X-ray photoelectron
spectroscopy (XPS) spectra (supplementary Figs. S6 andB8Zause the photeeduction is
based on thphotothermaleffect (supplementary sectid®), the extent of the reductiaan

be finely tuned bythe laser power. With high enough power (around 60 UW in this study),
the GO layergareconverted tgraphendike materialin whichthe oxyg@ containing groups
are nearcompletely removetl (supplementary section S3n this process 2 nm thick GO
layers are converted to approximately 1 nm tlgckphendayers, because the atomic layer

spacing is reduced from 8.1 « of GO to 3.4 « graphen#.

An optical photgraphof our 25' 50 mnf (supplementary FigS1l) grapheneabsorber is
shown in Fig. 3b, which was taken with a 633 nm lpags filter. The darkegions indicate
the grating Gratingswith different orientations, indicated by the bar patterns, look very
similar, consistent with polarizatiemdependent performaacThe curved surface all®sws

to see the strong absorption of light incidentdifferent angles Fig. 3c shows aeflection



optical microscop image ofthe grating it is well-defined thanks to the high uniformity of
the metamaterial and the precise laser writing control. The SEM image. BdRgows that
a linewidth down to 400 nm can be achieved. The smoothness is confirmed by-ardarge
measurement using an ogi@rofiler (Fig.3e). The cross section in Figf confirms that the
grooves are smooth and have a full width at half maximum (FWHM) of 500imited by

the resolutiorof the optical profiler

One of the advantages of graphenigsisunableoptical bawlgap While usuallycontrolled by
doping®’ herewe uselaser reductioff*® allowing us to pattern the samples withdigh
vacuumprocessingFig. S10a (dashed curves) shows the effective permittivity of the GO
multilayer, measuredy spectral ellipsometry. Both the real and imaginary parts have weak
wavelength dependence between 800 nm to 1150 nmreBheand imaginary parts of the
effective permittivity of thegraphendilm (solid curve}, haveincreasd significantly due to

the formation of graphene after pheteduction, which increases the conductivity (,
consistent with Eq. (3)The polymer layerslower the effective permittivity of the
metamaterialcompared topure laser converted grapherfédm made using the filtration

method?® or that of pristine grapheffe
Experimenal results

The reflection () from the graphenbased absorbavas measured and tladsorptivity(! )
was determined through! ! ! ! since the Ag bottom reflector prevents light transmission.
In our first experiments, weharacterized the reflectancé 60'60 #m? samples using
Fourier transform infrared (FTIR) spectrometer (Bruker Hyperion 2000) antloptical
microscope setup. We studied the angular absorption wilb'a0.4 NA, wide-angle
reflection microscope objectivesde the inset of Fig. 4a The specular reflectionwas
measured ovean optical coneranging from#=12j to #,=23.6j. A neainfrared polarizer
(wavelength range 0:8.0 #m) controlled the polarization of the incident light. Fig. 4a shows
the measure@bsorptivity for TE polarizatbon, TM polarization and for unpolarized light,
which was taken to be the averagéhe measuredbsorptvity of the metamaterial without a
gratingwasapproximately 10% for unpolarized ligltpnfirming that the grating is essential

to achieve higlabsorptvity.

Fig. 4a shows that for TE polarizati@bsorptvity can be up to 95%, and is almost constant
over the entire spectral range of more than 300 nmabkerptvity of TM polarized lightis

as high as80% and exceeds 70% oversttbandwidth. A a result, theabsorptvity of



unpolarized light reaches 90%, and easily exceeds 80% over the entire spectral@ange.
confirm theweakangulardependencéurther, we usedmicrosco objectives with different
convergence angles, resultingahsorptvity of over85% in all cases (supplementary Figs.

S12 andS13), consistent witlsimulation (supplementary Fi§14).

The flexibility of the laser writing allows us to tune the width of the ablated, and thus
the duty cycle (defined asp{g)/p in Fig. 1) of the gratingproviding control of the
absorptvity. An increase of laser powkradsto an increasedvidth of the ablated areand
thus toa lower duty cycle Tuning the laser power from 70 pW to 140 pW leadsluty
cyclesfrom 0.8 t00.25 We fabricated16 samples with similar performance (suppleragnt
Fig. S15)using different laser power Fig. 4b show that highabsorptivity (>70%) of
unpolarzed light can be achieved for ithentire range, confirming the robustness of our
approach.The absorptivityis largestfor laser powes of 100 uW (Fig. 4c)with 40% duty

cycle consistent witlsimulations

Based on the optimizegrocessingparameters, we fabricatea largearea graphenbased
metamateriabsorber (25 ' 50 mrh Fig. 3 andtesed its photothermal performanc&he
absolute absoptivity coveling the solar spectrumwas measured by UWIS-NIR
spectrometer Rerkin Elme+rLambda 1050, withan integration sphere)We measuredhe
absorptvity of GO metamaterial anof reduced metantarial with the same configuratioas
referencesAs shown in Figpba, theabsorptvity of the metamaterial device is approximately
85% over the entir®00-2500 nmwavelength range, which covers almost the entire solar
spectrum.This means thabur device absorbs more than 86% of the incoming solar energy
flux. As expectedthe GO metmaterialhaslow absorptvity (10%) over the entire spectrum,
though itincreasesignificantly upon reductionespecially in the visiblelhe grating further
enhances the absorptvity in the NIR region, resultingh largebandwidth,high absorption
that rangesrom 83% to 88%. Fig. 5b shows thabur device absorbs not only ovebeoad

bandwidth but also over a large range of incident angles.

With a period of ! !"# II" | and metamaterial refractive index!of !'!' | the grating
excites guided modes in the metamaterial over almost the entire wavelength range at normal
incidence.At the longest wavelengththe metamaterial acts ashaghly efficient uniform
absorler, even though the conditions for perfect absorption are not satfsfiewhile for
shorterwavelengths the gratings excites guided mddethe metamateriaffor '>980 nm

only the reflectedspecular order can carry energy away from the absdfoer!<980 nm,



there are multiple diffracted orders in the. &@ur simulations show that thenergy carried
away by these orders is less than 1580d is likely to be lower due to tlariations in the
gratingparametersThe combination of thbroadband absorption of graphene, ¢éndanced
interaction between the gratiagd the metamaterial thugh the excitation of guided modes,
and the limited scope for light reflectioprodu@ the measuredbsorptivity above 80%
throughout the measured wésegth range Thus while the absorption mechanism at each
wavelength is known, our device achieves #saordinary broad bandwidth by the seamless

combination of these mechanisms as the wavelength is varied.

We used a IR camergTesto 8962 Professional Tljo study the photthermal performance
of the absorber under naturslinlightin an openenvironmet (Fig. 5¢), resulting in the
photothermal image in Fighd. Fig. 5e shows temperature versus time @© metamaterial
(red), for which the temperature increase is approximatelyCl,0and for our samplélue)
for whichthe temperature increases by 130 jC wittharacteristicime of approximately 10
s. Therefore, thegraphendbased metamateriabsorberexhibits outstandingphotothermal
characteristis For tick hierarchical graphene fomnabsorbet shown for comparisorthe
temperature increasdy approximately 20 jdgreen) The high absorptvity in our devices,
combined with the small volume is ideal for efficient energy extraction in ghetonal
applications. leat generateih thick absorbers' is difficult to extractbecauset is stored in
the entire volume, while, typicallyheat can only be extracted from the surface. Heat
extraction by circulating water inside the absorgds complexit}?. Defining the Figure of
Merit (FoM)! ! /1, where%, is the pealabsorptivitywavelength and )! isits FWHM, we
compare our results and fabricaticharacteristics with the staté-the-art, optical thin
absorbers (supplementary tabld).SOur absorber has the largest bandwidthong all
optically thin absorbers, combined with a heglabsorptvity and suitability for largescale

fabrication.
Conclusions

In conclusion, we repom graphendased metamaterial absorber, deposited on a dielectric
spacer layer and backed by a mirror, with a grating that is fabricated using a tightly focused
femtosecond lasefThe absorber has bro#dndwidth absotpn of well over 80% of
unpolarized light over almost the entire solar spectrum-g5I® nm), which makes it
suitable for higkperformance solar thermal applicatioiifie low dispersion of graphene is

central to achievinghe ultrabroadband absorptiotherefore, the absorber can, in principle,



be scaled to other wavelength rang®sice the intrinsic absorptivity of single graphene
layers is low, the high absorption requires relatively large number of graphene layers.
However, direct stacking of graphetayers results in graphite, which has different optical
properties. The use of the metamaterial, in which the graphene layers are separated by
polymer, allows us to stack the graphene while maintaining their optical properties, thus
leading to strong, lmadband absorptiorincorporating graphene in a metamaterial also

lowers the effective permittivity so as to achieve absorption of both TE and TM polarizations.

The metamateriak fabricated using acalable, higtyield, robust, lowcost, solutiofbased,
layerby-layer SA method. Whileour lasers limit our samplesto an area of
approximately" ! I" I 1 ' samples as largas asquaremeter can be fabricated using
industriatscalefacilities®. Since the optical properties of our metamatetats be dialledn

by varying the graphene to polymer ratio, and can even beauméorm, our fabrication
technology opens new avenues for applying 2D materials to enable novel and functional

optoelectronic devices.
Methods:
Graphene metamaterial fabrication and characterization

The aqueous GO dispersion was synthesized by chemical oxidization of graphite via the
modified Hummers Methdd Then homogenous graphene metamaterial with controllable
thicknesses were prepared using -ssembly (see Supplementary sect8). The large
areagraphenavas produced by photeduction of GO using a femtosecond laser (Libra, 800
nm, 100 fs, 10 kHz).Elemental chemical compositiowas characterized using -bay
photoelectron spectroscopy (XPS, ESCALAB 25The thickness and the optical properties

of the GO andjraphenenetamaterial were characterized by an AFM and an ellipsoiiiét

2000 J.A. Woollan€Co), respectively.

Laser fabrication of nanogratings

A femtosecond laser beam (Libra, 10@idse, 10*kHz repetition rate, 800*nm wavelength)
going through the dichroic mirror was focused by a high numerical aperture (NA) objective
lens (100, NA=0.85) onto the GO sample, which was mounted on a 3D nanometrie piezo
electric stage (Physikinstrunten). A computercontrolled system was used to control the
parameters of the laser pheotxluction process, including laser power, scanning speed and

patterns. The ablation threshold power was found to be 70 #W, corresponding to a pulse



energy of 7 nJ. Thair grooves start to overlap when the power is higher than 140 #W (14 nJ
pulse energy). These two powers define the lower and upper limits of the laser power range,
which is explored in 10 #W steps. Since the laser focal spot tdlsradth at half maxmum
(FWHM) of 600 nm, the laser energy density in the centre of the focal spot varies between

2.8 J/cmto 5.6 J/cr The scanning speed wa0 #m/s to ensure smooth line fabrication.
FTIR measurement of reflectance

At infrared wavelengths from 400 érhto 12500 cni?, a Fourier transform infrared (FTIR)
spectrometer (Bruker Hyperion 2000) was used to characterize the reflectance of the samples,
with a cover glass coated with 100 +#tinick silver film used as a reference. The sampling

step in wave numbes 8 cni’. A silicon photedetector was used to acquire the signal.
UV-VIS measurement of broadband absorption

A UV-VIS spectrometer withnintegration sphere (Perkin Elmkeambda 1050) was used to
characterize the absomngty of the large area sampie the wavelength range 3@%00 nm,

using air as a referenchewavelengthsampling stefis 10 nm
Thermal imaging and temperature measurement

The thermal images were taken by an IR camera (B&}@ Professional Tl with 640x480

Detector), and the temperature vdeserminedising Testo IRsoft software.
Numerical simulation

The comprehensive theoretical study of the phenomenon was carried out using the EMUstack
packagé'**for numerical simulations. We first performedaracterizatiorstudy in which

we numerically calculated the TE and Tébsorptvity spectra for a wide range of design
parametersgraphene filling fractiongrating period, gratingluty cycle grating thickness,

and spacer layer thickness. EMUstack is ideally suited to such a parameter survey because it
uses a highly effiegint onedimensionalsolver and handles variations in layer thicknesses
analytically thereby requiring negligible additional computation time to calculate many
thicknesses simultaneou$lyOncethese parameters were determined, these were combined

with other parametersvhich we could measure directly

After numerically confirming that the fine structure of the graphene and polymer dielectric
layers does not matter for the optical propertres,ignorel this fine structure, instead using

the effective permittivity of the reduced metamaterial (shown gn ¥ as this quantity can



be directly measured. The fabricasainples have significant variation in the thickness of the
rulings (see Fig. 3e), which was not includedhi@ numerical calculations and which leads to
the fabricated samples havimgproved broadbandabsorptivitycompared to the numerical

simulations.

In each simulation we include 25 angles within the angular coaé!& ! 1"# !, matching

the objective used for the characterization, and we then averaged over these spectra.
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Figure captions
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Fig. 1. Schematic of graphenébased metamaterial absorber Broadband, unpolarized
light is incident from a wide range of incident agyl The grating couples the light sidays
into waveguide modes that propagate along the surface, leading to large absorption in the

metamaterial. Inset sha@the structure of the metamaterial.
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Fig. 2. Calculated absorptivity spectraof graphenebased material absorber Calculated
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unpolarized light Absorptiity averagd overincident angle from 0j to 20j (solid curves

and 0j to 40j (dashecurves of (d) TE, (e) TM and (f) unpolarized light.



fs laser

Graphene oxide

Objective

Graphene

7
)
A
!
y

A
)/
Y

oY e¥g

.
®-e
o oY

§i02 Spacer
Silver mirror

/
e te ¥

/i
. ece<
g

SiO, s acer

Absorber

(o]

==}
‘44\44-

Height(nm)

N A O
(==
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Fig. 4. Measured absorptivity spectra of graphenebased metamaterial absorber(a)
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