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ABSTRACT

By combining the 3D printing, electroplating and chemical vapor deposition processes we fabricated
“bubble wrap” polymer nanomembrane covered with multilayered graphene. Such a metasurface
composed of array of graphene hemispheres shows extremely broadband and almost perfect absorption
in terahertz (THz)? frequency range being robust against macroscopic structural defects including holes
and volcanic-like hats on hemispherical metaatoms. The developed theory perfectly explains our
experimental findings including virtual independence of the metasurface transmittivity, reflectivity and
absorptivity on the angle of incidence in terms of the plasmon dark mode formation. Our approach
enables the THz perfect absorber that covers a frequency range spanning from few hundreds of GHz to
1.2 THz, and even more, while the proposed fabrication technique can also be employed in numerous
applications that require free standing corrugated graphene/polymer nanomembranes.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

Perfect absorption
Broadband
Dark plasmon

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

1. Introduction

Classical electrodynamics says [1] that if a conductive film is
much thinner than the skin depth, it is capable to absorb up to 50%
of electromagnetic (EM) radiation. This golden rule remains valid
for terahertz (THz) radiation hitting the graphene sheet sand-
wiched in between polymer layers [2]. Moreover, the THz absorp-
tion ability of graphene can be enhanced up to nearly 100% by
placing it onto an epsilon-near zero [3] or quarter wavelength thick
dielectric substrates [4] that provide a free space impedance
matching condition. Alternatively, one can drastically improve ab-
sorptivity by adding a back reflector separated from graphene by a
dielectric layer [5] that enables constructive interference of the
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incident and reflected waves in the graphene sheet plane. However,
exploring the graphene support for enhancement of the THz ab-
sorption is possible only in a relatively narrow frequency range, and
requires at least few tens of microns-thick substrate. The latter
imposes severe limitations on using graphene in many practical
tasks including development of the ultrasensitive ultra-light and
ultra-fast bolometers [6,7] that require the unsupported graphene.
Extension of the absorption band of the free-standing graphene can
be achieved if one “corrugates” the graphene sheet by transforming
it into quasi-2D photonic crystal capable to provide nearly zero
reflection. In this case one may expect perfect absorption at mul-
tiple resonance bands governed by the characteristic size and
period of the graphene sheet corrugations.

In this paper we demonstrate that such an intuitive, photonic
crystal inspired approach enables achieving more than 95% ab-
sorptivity in the frequency range from 400 GHz to 1.2 THz by using
a 200 nm thick “bubble wrap” polymer nanomembrane covered
with graphene. The developed diffraction theory perfectly explains
our experimental findings by taking into account holes and defects
in the bubble wrap nanomembrane as well as the variation of the
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attached graphene layers number over the surface. Moreover, the
performed numerical simulation shows the high robustness of the
metasurface, which is capable to provide nearly perfect broadband
absorption when up to 40% of hemispheres that comprise its sur-
face are damaged.

2. Materials and methods
2.1. Metasurface fabrication

Fig. 1 sketches fabrication flow of the all-graphene metasurface.
At first the array of the polymer hemispheres with 490 um diam-
eter and 600 pm period was 3D printed on silica substrate (step 1)
as described in Ref. [8]. In brief, we use a custom-made inkjet
printer equipped with multi-nozzle printheads. Each nozzle can
deposit 17 pm in diameter droplets of liquid polymer (Opticlear©
by Luxexcel) on the substrate. Adjacent droplets merge before UV
curing, forming as a layer of wanted shape and thickness of around
4.1 ym on the SiO; substrate. The next layer is added on the top of
the previous one and such a layer-on-layer process is repeated until
required thickness of the polymer is achieved.

In the next step the array of polymer hemispheres was spin
coated with 100 nm thick poly-methyl methacrylate (PMMA) layer
(step 2), which is sputtered by 30 nm thick layer of Ni (step 3). After
that the thickness of the nickel was increased to 300 pm by elec-
troplating (4 step) to make the Ni template suitable for further CVD
graphene synthesis. For electroplating we used nickel sulfamate
solution at +40 °C temperature as an electrolyte. The Ni layer on the
PMMA membrane acts as a cathode and the electroplated nickel
will accumulate making the sputtered layer thicker. The negative
pole of the DC current source is connected to the sputtered nickel
layer by pressing the sample against a stainless-steel contact ring.
At the start of the process the current is ramped up until 4A is
reached. The final thickness of Ni template and the amount of
transferred nickel were monitored by measuring the electric charge
flown between electrodes.

After lift-off in acetone (step 5), the Ni surface imprinted with
hemispheres array was placed in the chemical vapor deposition
(CVD) chamber (Carboline Gero CTF 12/75/700) to grow graphene
using the methane as carbon precursor (step 6). The 1 cm x 1 cm Ni
template was heated to 900 °C at the rate of ~20 "C/min under 20
sccm hydrogen flow. After waiting for 1 h at that temperature CHy
at 40 sccm was introduced into the chamber and graphene layer
was grown on Ni template surface for 30 min. Then CH4 flow was
shut off, the chamber was filled with hydrogen (the pressure
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5 mbar) and cooled down to the room temperature.

Finally, the corrugated Ni surface covered by the graphene layer
was spin-coated with 200 nm PMMA, and the Ni catalytic support
has been etched out (step 7). The obtained bubble wrap graphene/
PMMA membrane was transferred to the Kapton support with a
hole 0.7 cm x 0.7 cm. Since the 200 nm thick PMMA is invisible for
the THz radiation [9,10] having almost frequency independent
refractive index of n 1.6 and low absorption coefficient
(o = 3.56 cm~! at frequency of 1 THz), the free-standing bubble
wrap membrane can be seen as all-graphene THz metasurface.

2.2. Structural characterization

Raman spectra were collected by Raman Microscope (Renishaw,
UK) with 514 nm laser at 20 x -50 x magnification and 2 mW of
laser power exposed for 10 s. Scanning electron microscope SEM -
LEO 1550 Gemini was used to characterize the graphene as grown
on Ni template and the free standing all-graphene metasurface.
Morphology of the membrane was studied by Kelvin Probe Force
Microscopy using Atomic Force Microscope (AFM) MultiMode 8
(Bruker, USA) equipped with Antimony (n) doped Silicon probe
(25 nm tip radius, 0.28 N/m stiff coefficient and 10 kHz resonant
frequency) coated with Ptlr.

2.3. THz characterization

THz time-domain spectrometer (T-Spec, EKSPLA, Vilnius,
Lithuania) was used for the THz transmittivity and reflectivity
measurements. THz beam was generated and detected by the low
temperature grown GaBiAs photoconductive antenna, which was
excited by femtosecond laser with an emission wavelength of
1050 nm, pulse repetition rate 80 MHz and duration 150 fs. The
gold-coated parabolic mirrors were used to focus and collimate the
incident THz beam on the sample surface. The diameter of beam
spot at the focal point of the parabolic mirror was about 3—4 mm.
To analyze the dependence of transmittivity on the angle of inci-
dence the sample was placed on the rotation stage. To improve the
signal to noise ratio, the 1024 scanned curves were averaged for
each measurement. Fast Fourier transformations were performed
to convert the time-domain signal into the frequency-domain. The
THz radiations were incident from the convex side of the
hemispheres.
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Fig. 1. The sketch of the fabrication flow of free-standing graphene metasurface. (A colour version of this figure can be viewed online.)
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3. Results
3.1. Experimental

One can observe from Fig. 2 that there exist defects in the gra-
phene layer both as grown on the Ni template (see Fig. 2a and b),
and attached to the “bubble wrap” polymer nanomembrane after
Ni catalyst etching (Fig. 2¢). The latter show both partly immersed
volcanic-type defects (see sketch in Fig. 5a) where hemispheres has
collapsed forming of moon-like craters and even microscopic holes.

The surface has patch-type structure, composed of graphene
areas marked as points 1, 2, 3 (Fig. 3a) easily visible by ‘color’ (light
grey, grey, and dark grey). Fig. 3b presents most typical Raman
spectra collected from the both flat and hemispherical areas. The
Raman spectra reveal that metasurface is covered by a few-layered
polycrystalline graphene, up to 6 layers. This corresponds to the
results of the AFM measurements, showing that the average
thickness of the membrane was approximately 215 nm, i.e. 200 nm
thick PMMA film coated with several graphene layers. The
macroscopic relief of hemispheres does not influence the patch-
type surface composition: all types of graphene material in terms
of number of layers and its quality (points 1, 2, 3, Fig. 3a) are pre-
sented both in the hemispherical parts of the sample and on the flat
ones. The morphology of the flat and quasi-spherical parts of the
all-graphene metasurface is shown in Fig. 3c and d, respectively.
Fig. 3e shows volcanic-type defect, which is visible as a substantial
potential gap between top and bottom sides of the settled down
hemispheres. One can observe that the height difference in the
corrugated area is much higher and the surface is rougher than
those on the flat part of the sample. It is worth noting that small
carbon particles are also observed on the membrane surface (Fig. 3
d).

Since nearly zero THz transmittivity (see Fig. 4a) and zero
reflectivity was observed, we conclude that the fabricated meta-
surface demonstrate almost perfect absorption in the broad THz
range spanning over more than one decade from 100 GHz. It is
worth noting that the obtained transmittivity is four times lower
than that can be achieved in the flat free standing graphene sheet of
the same conductivity. Fig. 4b shows that the THz transmittivity
decreases with increasing the angle of incidence.

4. Theory and numerical analysis

Negligible transmission and reflection as well as almost perfect
absorption of EM radiation can be associated with the excitation of
dark modes of the graphene metasurface. Usually, the dark mode
originates from the hybridization of two eigenmodes that manifest
itself as the Fano-like reflectivity spectrum, in which the maximum

o
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and minimum correspond to the bright and dark modes, respec-
tively. The plasmon dark mode is associated with the out-of-phase
oscillation of conduction electrons over the surface [11,12]. The
excitation of the dark plasmon mode in metal nanostructures has
been proposed to generate hot electrons [13] and to achieve perfect
absorption [14] in a narrow frequency range.

Incident EM wave induces surface electric current density
j = osE;, where g5 is the graphene surface conductivity and E; is the
tangential component of the electric field. The surface dipole
moment of the unit cell d = iw~1j can be presented as d = d; + dy;,
where d; and dy; are associated with flat and hemispherical part of
the unit cell, respectively. Since the hemisphere has a finite height,
the tangential component of the incident electric field at the
hemispherical part of the unit cells and, correspondingly, d,s will be
position dependent. To compare the contributions of the dipole
moments d; and dys to the generated field in far zone we can
consider only in-plane component of dyg, i.e. d; = dps — n(n dps),
where n is the unit vector of the metasurface normal (see Fig. 5a). If
dipole moments generated on the flat and hemisphere parts of the
bubble wrap nanomembrane are compensated (out of phase
oscillation of electrons), the EM filed in the far field vanishes
indicating appearance of the dark plasmon mode. Such a dark mode
is governed by the geometry of the unit cell and possesses a
broadband character.

In order to visualize the formation of the dark mode, we
consider electric dipoles dy and dy (see Fig. 5a) induced by the
incident plane wave due to oscillations of the free carries situated in
flat and semispherical surfaces, respectively. To compare the con-
tributions of both dipoles on the same footing we will project the
currents at hemisphere's surface onto the plane of the flat graphene
at z = 0. The surface current density can be calculated using Ohm's
law as j = asE¢, where o5 is the graphene surface conductivity and
E: is the tangential electric field of the incident radiation at the
graphene surface. It is worth noting that the phase of the current
density will be different for the flat and semispherical sections of
graphene.

Fig. 5b demonstrates distribution of the electric current density
within the unit cell of the free-standing graphene metasurface
irradiated with linearly polarized along y-axis EM wave. Semi-
analytical calculations based on the model presented in Methods
show that y-component of the current density flowing along the
flat area and hemisphere have opposite signs. Thus, by choosing
appropriate radius of the hemisphere one can achieve zero dipole
moment of the unit cell, i.e. the excitation of the non-radiating dark
plasmon. The dark mode is remarkably broadband due to the weak
non-resonant frequency dependence. Dark plasmon is character-
ized by near fields that vanish exponentially away from the meta-
surface. The current density lines resemble those of a solenoid and,

Time 474740

b)

Fig. 2. SEM images of graphene hemispheres synthesized on Ni template before Ni etching (a), the same at higher magnification (b), free standing all-graphene metasurface
(“bubble wrap” polymer nanomembrane covered with graphene), defected area (c). (A colour version of this figure can be viewed online.)

m



M. Baah, A. Paddubskaya, A. Novitsky et al.

Date :17 Feb 2020
Time :17:20:38

EHT = 500 kY
WD = 8.8mm

Signal A = InLens
Mag= 250X

d)

Carbon 185 (2021) 709-716

1 1 2 1 1
7}
2.5 G mode 2D mode
2.04
point 3
3
@ 154
=
‘» point 2
$ 1.0
£
0.54
point 1
0.04 1582 e 2706
T T 74 T T
1400 1600 2400 2600 2800 3000
Raman shift, cm’
Height [nm]
4 6
584 ¢ 649
550 600
50.0 550
450 2 500
40.0 450
350 4 400
30.0 350
25.0 300
6 250
20.0
200
15.0 ’ 150
10.0 100
0.0 0

e)

Fig. 3. (a) SEM images of all-graphene metasurface indicating the areas where the Raman spectra shown in (b) were collected. AFM images of “bubble wrap” polymer nano-
membrane covered with graphene multilayers: (c) flat surface; (d) hemisphere; (e) volcanic-type structure. (A colour version of this figure can be viewed online.)
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Fig. 4. a) Measured spectra of the transmittivity of the all-graphene metasurface (black solid line) and flat graphene sheet (blue solid line) at normal incidence. The insert shows the
experimentally obtained absorptivity spectrum. b) Transmittivity spectra of the graphene metasurface measured at several angles of incidence. Inset shows transmittivity of the
graphene metasurface at the frequency of 0.6 THz as a function of the incidence angle. Size of the unit cell L = 611 um and radius of the hemisphere r =250 um. (A colour version of

this figure can be viewed online.)

similar to the solenoid, most of the field is inside the system. Then
the energy stored by the metasurface is the energy needed to set
the stationary state. Current density is discontinuous owing to the
sharp boundary between the flat graphene and hemisphere.

In order to qualitatively describe the EM properties of the
metasurface, we will use the Drude model for graphene surface
conductivity [15].
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where oy = e2Ept/mh? is the static surface conductivity of the
single-layer graphene, 7 = uh./ngm/evg is the carrier relaxation and
Y accounts for the graphene layering. We consider a simple model
assuming randomly distributed 1-layer, 2-layer and 3-layer
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Fig. 5. Incident radiation induces counter-directed dipole moments. (a) Geometry of the graphene metasurface and incident plane EM wave. Size of the unit cell L = 611 um and
radius of the hemisphere r =250 um. With the dashed boxes we show the unit cells in the form of the perfect hemisphere (on the top), volcano and hole (on the bottom). (b) Vector
distribution of the electric current densities at the hemisphere projected to the plane of the flat graphene z = 0. Density plot shows absolute values of the current densities. (A colour

version of this figure can be viewed online.)

graphene areas having «q, @ and a3 shares of the whole surface
(o1 + @y + a3 = 1), respectively. Since the in-plane motion of the
conduction electrons dominates the dc conductivity of graphene
[2], the surface conductivity of the 2-layer and 3-layer thick gra-
phene sheets are 20 and 3. Therefore, in Eq. (1) the layering can
be taken into account by Y = aq + 2a; + 3a3.

The fields in the far zone can be found using the Kirchhoff
diffraction theory (see Appendix [1]). Since in our experiment (see
Fig. 4b), contribution of high diffraction orders is negligible, we
calculated only specular reflection and transmission. In the
modelling, we assume that there metasurface comprises three
types of unit cells: perfect hemispheres, volcanic-type hemispheres
and holes (see Fig. 5a). The shares of each of them are respectively
wiq, wo and ws (wq + wy + w3 = 1). One can see from Fig. 6a that
the numerical simulation nearly perfectly reproduces the experi-
mental results showing a negligible reflectivity, small transmittivity
and extremely high absorptivity at frequencies up to 1.2 THz. By
comparing the inset to Fig. 4b and in Fig. 6b one can see that the
closed-form modelling well reproduces the dependence of the
transmittivity spectra on the angle of incidence.

5. Discussion. Robustness of the perfect absorption

The effect of tremendously high broadband absorptivity can be
better understood from the proposed theoretical model. Fig. 7a
shows absorptivity spectra for perfect hemispheres (w; = 1),
volcanic-type hemispheres (w, = 1), holes (w3 = 1) and flat gra-
phene sheet.

Expectedly the array of perfect hemispheres (w; = 1, wy, =
w3 = 0) provides the neatly perfect absorptivity ranging from 96%
to 99%. The metasurface comprising volcanic-type hemispheres
(wq; =0, w, =1, wy = 0) possesses absorptivity of about 60% in
the whole spectral range. Such a reduction of the absorptivity can
be explained by vanishing of the dark plasmon mode when the
geometry of the unit cell is changed. Being highly transmissive, the
array of holes (w; =0, w, =0, w3 = 1) is capable to absorb even
less than a flat graphene sheet (dashed curve).

The layering of the graphene metasurface does not play an
important role. One can see from Fig. 7b that the absorptivity de-
creases in certain spectral ranges owing to the higher reflection
losses due to the increase of the graphene surface conductivity.
Although the non-ideality of the hemispheres decreases the
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Fig. 6. Modelling results. (a) Transmissivity T, reflectivity R and absorptivity A of the modeled free-standing graphene metasurface consisting of perfect hemispheres (w; = 0.6),
volcanic-type hemispheres (w, = 0.35) and holes (w3 = 0.05). (b) Transmissivity T and reflectivity R as a function of incident angle at the frequency 0.6 THz. Drude-model pa-
rameters of graphene are u = 1 m?/V, Er = 0.1 eV, vr = 106 m/s, ¢; = 0.7, a; = 0.3 and a3 = 0. Shares of 1-, 2- and 3-layer graphene areas are &; = 0.7, a; = 0.3 and a3 = 0,
respectively. Geometrical parameters of the metasurface are L = 611 um and r = 250 um. (A colour version of this figure can be viewed online.)
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Fig. 7. Absorptivity of the free-standing graphene metasurface with parameters of Fig. 5 modeled using the Kirchhoff diffraction theory. (a) Absorption spectra for the metasurface
consisting of perfect hemispheres (w; = 1), volcanic-type hemispheres (w, = 1), and holes (w3 = 1). The flat graphene absorptivity spectrum is used as a reference. (b)
Dependence of the absorptivity spectra on the number of graphene layers for the metasurface with the shares of cell types w; = 0.6, w, = 0.35 and w3 = 0.05. (c) Absorptivity A of
the single-layer graphene metasurface at the frequency of fy = 0.5 THz as a function of the weight factor w; and hemisphere's radius r. A share of holes is fixed to w3 = 0.05, while
wy = 1— wy — ws. The circle highlights metasurface parameters available from the experiment (Fig. 6). (d) Influence of the Fermi energy Er on the absorptivity spectra of the
metasurface with wy = 0.6, w, = 0.35 and w3 = 0.05. The dashed line corresponds to the Fermi energy in Fig. 6a. (A colour version of this figure can be viewed online.)

absorptivity, the effect of the broken unit cells is not dramatic.
According to Fig. 6 even 60% of perfect hemispheres is enough for
the more than 90% absorptivity.

Fig. 7c illustrates the influence of the broken unit cells on the
THz response of the metasurface. High absorptivity of the free-
standing graphene metasurface can be tailored by varying the
radius of hemispheres and wy. Indeed, the dark plasmons cannot
arise in the metasurface comprising small hemispeheres because
the dipole moments of the flat graphene and hemisphere are not
compensated. The dark plasmons can be excited if the hemisphere
radius r exceeds approximately 200 umThe dashed lines show the
border of the region, in which absorptivity is above 90%. The
experimental parameters fall there as well. Interestingly, the met-
asurface comprising perfect hemispheres does not necessarily
shows the highest absorptivity. If hemisphere radius is sufficiently
big, a mix of perfect and volcanic-type hemispheres can perform
better in terms of absorptivity. This allows us to make a surprising
conclusion that the imperfection of the graphene metasurface can
even improve the absorptivity. Such robustness makes it unprece-
dentedly promising because its performance is virtually insensitive to
the inevitable fabrication defects.

The Fermi energy defining the graphene doping level is another
important parameter of the system. As it is shown in Fig. 7d the
Fermi energy Er should be as low as possible ensuring low reflec-
tivity of the metasurface. From the figure one can estimate the
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highest Fermi energy to excite the dark plasmonic state as
Er = 0.15 eV. For higher Fermi energies the surface conductivity of
the graphene increases making the metasurface highly reflective.
The reflection spectrum is caused by the phase factors and cannot
be suppressed simultaneously with the transmission. Positions of
the maxima and minima of the absorptivity correspond to the
positions of minima and maxima of reflectivity, respectively. These
positions depend on the height of the hemispheres, that is on the
radius r. From Fig. 7d we can also notice a narrow frequency band of
high absorptivity near f = 0.75 THz that can be exploited for higher
doping levels as well.

6. Conclusions

An all-graphene hemispheres-type metasurface showing
extremely broadband almost perfect absorption has been fabri-
cated using a simple and reproducible templated method involving
3D printing, spin-coating, magnetron sputtering, electroplating,
graphene chemical vapor deposition and etching steps.

We demonstrate both theoretically and experimentally that the
broadband perfect absorption of the metasurface requires the
following conditions to be fulfilled. First, its reflectivity should be
small. This can be achieved if the flat material used for fabrication of
the metasurface is not highly reflective, such as, e.g. non-highly
doped graphene. Second, a non-radiating dark plasmon
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suppressing the transmissivity is excited owing to the compensa-
tion of the unit cell dipole moment. Thus, the high absorptivity is
caused by the low reflectivity and transmissivity, while its broad-
band nature originates from the frequency independent excitation
of the dark plasmon.

To summarize, with these findings, we prove CVD graphene to
be a unique platform for a nm thick broadband absorber design and
manufacturing, being robust vs different types of fabrication de-
fects, such as macroscopic holes & volcanic type hats of the
hemispherical metaatoms. Only 60% of ideal hemispheres is needed
to approach to almost perfect absorption, > 90%.
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Appendix

The EM field in the vicinity of the free-standing graphene
metasurface can be described by taking into account scattered
secondary waves. In the framework of the vectorial Kirchhoff
diffraction formula [1] the electric field in the far zone can be
presented in the following form:

ik
E(r)=4_ (T x f1 — Lf +1:f),
where k is the wavenumber in vacuum,

I :Jn’ x E(r)ds', I, = Jn/.E(r’)dsQ I; = Zojn’ x H(r')ds'
s S s

are integrals over the unit cell area S, n’ is the unit vector normal
to the surface S and directed towards the observation region, E(r’)
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and H(r’) are the electric and magnetic field strengths at the sur-
face, Z, is the vacuum impedance.

exp (ikr) exp (ikr;)

J J

Here r; is the distance from the unit cell j to the point of
observation and m; =rj/r; is the unit vector to the point of
observation.

When a plane wave normally incidents on the metasurface
having rotationally symmetric unit cells, I; is negligible and |I;| =
[I3]. Therefore, the magnitude of the electric field can be presented
as [E| = |I;|F, where F and |I;] are determined by the metasurface
lattice and geometry of the unit cell, respectively. The latter equa-
tion is applicable for the flat graphene as well. In this case, for the

transmitted light we write ‘E“’)‘ = ‘n x E(")Lz‘F, thatresultin F =
L2, Thus, the transmissivity (or reflectivity) of the metasurface
reads
LT T

’E(inc) ‘2 ’E(inc) ‘2 14

For the graphene metasurface the normally incident wave is
locally reflected and transmitted at the hemisphere surface as an
obliquely incident wave. Such reflected and transmitted fields are
the fields at the metasurface E(r’) and H(r’) for calculation of the
reflectivity and transmissivity in the far zone. To account for the
inaccuracy in fabrication of the metasurface we consider three
types of unit cells (see Fig. 5a). Then the reflected field can be
estimated with the vector

Igreﬂ) _ l%ﬂat) T w, l(1hs) + Wzlgml),

where I%ﬂat), I%hs) and l(l”"l) are the integrals over the flat part of the
unit cell, hemisphere and volcanic shape. The holes contribute only

to the transmitted field via the integral 1(1’1) resulting in

17 =17 4wyt 4w d ) 4 wal .
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