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ABSTRACT: We propose a tunable meta-surface in the
terahertz regime by patterning a graphene sheet in cut-wire
array. The enhancement of terahertz absorption of such a
graphene meta-surface was studied detailedly via the
optimization to the geometry of the structure. Considering
the data of graphene in both the experimental and theoretical
perspectives, we investigated the performance of the absorbing
graphene meta-surface by extracting its effective surface
conductivities through a sheet retrieval method. We also
specifically considered two sets of well-known experimental
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graphene data and comparatively studied the properties of graphene meta-surface by changing the graphene parameters in-
between. It shows that there has been significant improvement in preparing high-quality graphene samples, which makes it
possible to strengthen optical properties of graphene microstructures, and therefore benefits various practical applications.
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etamaterials refer to artificial structures with properties

beyond natural materials."” These artificial materials
usually consist of subwavelength-sized resonant building blocks
as their “elementary particles” (known as meta-atoms), which
yield exotic electric and magnetic responses while interacting
with electromagnetic (EM) fields. A kind of single-layer
metamaterial, namely, meta-surface,”* has drawn enormous
attention in recent years for various possibilities to manipulate
light with ultrathin structured surfaces. Tailored planar “meta-
atoms” of the meta-surfaces can be exploited to realize abrupt
discontinuities for manipulating lisght beams peculiarly, for
example, for generalized Snell’s law,” broadband light bending,6
optical morphology conversion,” photonic spin Hall effect, and
spin-controlled photonics.*” Incorporating tunability and
switching mechanism into the planar systems is one important
issue to address to take further advantage of meta-
surfaces.>' !

A monolayer of carbon atoms in a hexagonal lattice with
high-performance electric, thermal, and mechanic properties,
graphene, has recently attracted considerable attention for both
its fundamental physics and enormous applications. Such a
realistic two-dimensional (2D) electron gas or two-dimensional
material emerges in photonics and optoelectronics.”>™" As a
new optoelectronic material, graphene exhibits much higher
confinement of surface plasmon polaritons and supports
relatively longer propagation.lé_22 Linear dispersion of the
2D Dirac Fermions provides ultrawideband tunability under
various implementations, such as the application of electrostatic
field, magnetic field, or chemical doping.ZI_ZGHowever, since
graphene is a monolayer atomic sheet with relatively low carrier
concentrations, its interaction with light is not very strong; for
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example, graphene is almost transparent to optical waves.?’
Artificially constructed metamaterial structures, as a platform
for enhancing light—matter interactions,”®?° have been
employed to strengthen graphene’s ability in the manipulation
of light signals. A recent study reported that optical absorption
enhancement can be achieved with periodic nanodisks of
doped-graphene on a dielectric substrate or film coating on
metal, and the excitation of the electric mode of the nanodisks
together with multiple reflections from the assistance of total
internal reflection and metal reflection can result in a complete
optical absorption.*® Various configurations with graphene,
such as micro/nanoribbons, mantles, nanocrosses, ring
resonators, coherent modulations, and superlattices, have also
been investigated in the manipulation of the terahertz (THz)/
infrared waves, for the enhancement of absorption, polarization
conversion, cloaking, and so on.>'™* Different from these
previous studies, here we stick with the most fundamental
electric dipolar mode, which is found to provide stronger light-
graphene interaction at THz frequencies than the magnetic and
higher-order electric modes, and we mainly focus on
strengthening THz response of patterned graphene at the
electric dipolar excitation based on the investigations to the
relevant graphene parameters. In this work, we propose a
tunable meta-surface by exploring a monolayer graphene
patterned in an array of cut-wires, the simplest structure
supporting the electric dipolar mode that has been widely
adopted in exploring fundamental physics, as well as novel
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functionalities, such as plasmon-induced transparen?,4 *
We

polarization rnanipulations,44 and optical antennas. S
demonstrate a 50% maximum absorption arising from the
electric dipolar mode, which is confirmed by the extraction of
effective surface conductivities of cut-wire array of theoretical
and experimental graphene. Systematic investigations to the
graphene meta-surface by changing the collision frequency and
Drude weight (see below) of graphene with the values between
two sets of well-known experimental data, that is, named as Li
et al. data®® and Yan et al. data'® further on, respectively, show
that optical response of the graphene cut-wire-based meta-
surface can be tuned substantially in the THz regime.

Figure 1 shows the schematic of the proposed tunable
graphene meta-surface. The meta-atoms, that is, graphene cut-

Figure 1. Schematic of the single-layer graphene cut-wire structure
together with the corresponding excitation configuration: x-polarized
(electric field E is along the x-axis) incident light is propagating along
the z-axis. Geometric parameters are denoted by black letters.

wires, are periodically arranged in the x—y plane with lattice
constants P, = 6.0 ym and P, = 3.0 um. The length and width
of the cut-wire meta-atoms are [ and w, respectively, which we
will find both play important roles in determining the EM
properties of graphene meta-surface. In the setup, the THz
beam, with electric field polarized along x-direction, normally
illuminates graphene meta-surface along the z-axis (see Figure
1).

In our numerical calculations, the graphene layer is
reasonably treated as a sheet material modeled with complex
surface conductivity (o,) since a one-atom-thick graphene sheet
is sufficiently thin compared with the concerned wavelength. In
the theoretical perspective based on random-phase-approx-
imation (RPA),**™*® the complex conductivity of graphene can
be described by the Drude model as 6, = ie?Ep/nh* (0 + it ™),
especially in the heavily doped region and low frequencies (far
below Fermi energy), where Ep, represents the Fermi energy,
= uEy/ev} is the relaxation rate with the mobility 4 = 10* cm*
V™! 57! and Fermi velocity vy ~ 10° m/s. For simplicity, we
rewrite the expression of surface conductivity in the form as o,
= a/(y — iw), in which q is the so-called Drude weight and 7 is
the collision frequency.*” With respect to the simulations, we
adopted the well-known commercial electromagnetic solver,
that is, CST MICROWAVE STUDIO.

We first took Eg = 0.5 eV, as that in ref 40, for the graphene.
Figure 2a presents the spectra of transmission (T), reflection
(R), and absorption (A) spectra for the case of graphene cut-
wire meta-surface with width of wire w = 0.7 ym and length [ =
S um. According to it, an obvious resonance exists around 3.30
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Figure 2. (a) Transmission, reflection, and the absorption of a
graphene cut-wire array (w = 0.7 ym). (b) The absorption spectra for
graphene cut-wire arrays with different cut-wire widths: the resonant
spectra show a blue shift (from red to blue) regarding the increasing of
the widths. Optical conductivity of the graphene is set with the Drude
weight a = 58.86 GHz/€ and the collision frequency y = 2 THz. The
inset in (a) shows the length dependence of the peak absorption and
resonance frequency for graphene cut-wire array with w = 0.7 um.

THz. The resonance was confirmed to be electric dipolar mode
through the field and current distributions (results not shown
here), similar to the low-frequency resonance of split-ring-
resonators, as shown in ref 38, and the excitation of such a
resonance leads to the enhancement of absorption in the
graphene sheet. Figure 2b, that is, the absorption spectra of
graphene meta-surface with different w shows the influence of
line width of cut wire to the THz response of graphene meta-
surface: It is found that the resonance frequency of the electric
dipolar mode shows a monotonous blue-shift with the increase
of w, while there exists an inflection for the absorption
enhancement, which runs up to the maximum under w = 0.7
um. On the other hand, we also show in the inset of Figure 2a
the influence of the length [ of cut wires to the frequency of
electric dipolar mode and corresponding peak value of
absorption under a fixed width w = 0.7 pm. Similar to the
cases of changing line width of cut wires, we demonstrate the
resonance frequency decreases monotonically by increasing I,
while the absorption reaches a maximum value of 50% when [ =
5.0 pum. The discussions to the simple cut-wire structure
confirm that the 50% maximum absorption enhancement still
holds for the excitation of electric dipolar mode in a graphene
sheet.”® In the view of experiments, graphene generally needs to
be transferred onto some substrate for patterning. Hence, we
studied the scattering responses of a cut-wire array (with the
same geometry as that in Figure 2a) on top of a 0.5 ym thick
substrate, the dielectric constant of which was taken as €, = 2.4.
As can be seen from Figure 3, the resonant frequency shifts to
lower frequency as expected because of the introduction of the
substrate, but the maximum absorption keeps 50%.

Actually, the 50% maximum absorption can be understood
by employing the transfer matrix formalism for a conductive
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Figure 3. Transmission, reflection, and the absorption of a graphene
cut-wire array (theoretical graphene data: @ = 58.86 GHz/Q, y = 2
THz; w = 0.7 um) with substrate.

sheet® as follows: since the graphene cut-wires are of deep
subwavelength, by neglecting high-order scatterings, we have
the absorption (A) of a free-standing conductive sheet
(effective complex conductivity is o) as follows,

A=1—Irl> = 1t
2 2
ST (TN (R P
2 + on, 2 + oy,
B 4
([4 + (om)* Vo) + om, + 4
<1

) (1)

where 7, represents the characteristic impedance of vacuum, r
and ¢t are the complex scattering coeflicients, o, and o; are the
real and imaginary part of o, respectively. We can find the
absorption gets the maximum, that is, 50%, when 6,17, = 2 and
o, =0.

The widely accepted retrieval method®>*" for the extraction
of effective EM parameters from complex T and R coeflicients,
provides a very intuitive route to understand the EM properties
of metamaterials. For better understanding to the THz
response of the proposed desiS%n, we applied a recently
proposed sheet retrieval method,” which is perfectly suitable
for our 2D graphene structure, and got the effective electric
surface conductivity oj, which can be expressed in the form of
complex scattering coeflicients r and ¢ as

e 2 (1 —-r— t)
) R

(\1+r+t ()
with { representing the wave impedance. The extracted
complex surface conductivity of the graphene meta-surface for
the case of w = 0.7 ym is shown in Figure 4 (blue lines, light
dashed and dark solid curves show the real and imaginary parts,
respectively). It obviously shows a Lorentz resonant response
around 3.30 THz on the effective electric conductivity
spectrum, which confirms the excitation of electric dipolar
mode. The extracted magnetic conductivity does not show any
resonant feature around this electric resonance, so we have not
included the corresponding result here. So far, we investigated
the graphene meta-surface with the theoretical data applied,
that is, Drude weight o = 58.86 GHz/{2, collision frequency y =
2 THz. Here, we also consider the meta-surface made from

some experimentally practical graphene, that is, Yan et al
graphene with @ = 76.0 GHz/Q and y = 9.8 THz. The same
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Figure 4. Extracted effective surface conductivities for graphene cut-
wire arrays with theoretical graphene data (o = $8.86 GHz/Q, y = 2
THz; w = 0.7 um) and Yan et al. graphene data (a = 76.0 GHz/Q, y =
9.8 THz; w = 2.6 um), respectively. Lorentzian fittings of the resonant
conductivity responses are plotted on the extracted curves.

procedure for studying the influence of line width w was
performed and the maximum absorption enhancement 50%
happens at w = 2.6 ym (results not shown). The retrieved
effective electric conductivity for Yan et al. graphene meta-
surface with w = 2.6 ym is presented in Figure 4 from which the
electric resonance is found to shift to 5.06 THz for this case. An
interesting demonstration is that the effective conductivity
amplitudes (both real and imaginary parts) for the meta-
surfaces of theoretical graphene and Yan et al. graphene are
nearly the same, as indicated by the dashed lines in Figure 4. It
is also seen from Figure 4 that the condition o7y = 2 is almost
fulfilled for the maximum 50% absorption at the resonant
frequencies in both the theoretical graphene and Yan et al
graphene cases.

Since the effective electric surface conductivity of the
graphene meta-surface shows a Lorentz response, we attempted
a Lorentzian function to fit the extracted effective conductivity
for quantitative descriptions of the electric dipolar resonances
(circles on top of the extracted curves in Figure 4):

i
I fz + iFf—ff 3)

where f, is the resonant frequency, I" is the damping frequency,
k is the coupling constant, and f characterizes the background
polarization. The fitted Lorentz factors are f, = 3.30 THz, I' =
315.0 GHz, k = 606.4 GHz for the theoretical graphene meta-
surface, and f, = 5.06 THz, I' = 1554.0 GHz, x = 3048.1 GHz
for Yan et al. graphene meta-surface. We found two characters
from the fitted Lorentz factors: I,/ = ,/y; and k,/T'; =~ &,/
I',, where the subscripts 1 and 2 denote the cases of theoretical
and Yan et al. graphene, respectively. These two relations imply
that (i) the damping frequency of the graphene cut-wire is
determined by the collision frequency of graphene; and (ii)
graphene meta-surfaces with same absorption (50% for both
cases) have nearly same resonant amplitude of x/I. The
extracted effective surface conductivities (curves) and Lor-
entzian fitting (circles) for a graphene cut-wire array with
substrate are shown in Figure S, we notice the relation or, = 2
is also fulfilled for supporting the maximum 50% absorption at
the new resonant frequency 2.68 THz.

To further investigate the graphene meta-surface with
different surface conductivities, we comparatively studied the

— iff
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Figure S. Extracted effective surface conductivities (curves) and
Lorentzian fitting (circles) for graphene cut-wire array (theoretical
graphene data: a = 58.86 GHz/Q, y = 2 THz; w = 0.7 um) with
substrate.

graphene meta-surface by changing the values of a and y
between that of the two sets of well-known experimental data,
that is, Li et al. graphene (a = 19.9 GHz/Q, y = 29.4 THz) and
Yan et al. graphene.**** The line width of cut-wires w is set
as 2.6 um for the discussions in this section. The false-color
maps of the extracted electric surface conductivity are plotted in
Figure 6a [imaginary part: Im(oj)] and Figure 6b [real part:
Re(0f)], respectively. The experimental parameters of graphene
change from the Li et al. data (denoted as @) to the Yan et al.
data (denoted as ®) in two steps: by decreasing collision
frequency y (O — @) and increasing Drude weight a (@ — @),
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Figure 6. Spectra of imaginary (a) and real (b) part of extracted
effective surface conductivities as a function of the graphene Drude
weight o and the collision frequency y. The parameters of graphene
change from the Li et al. data to the Yan et al. data in two steps: first
decrease y (O — @) and then increase a (® — ®). (c) Q-factors and
resonant frequencies of graphene cut-wire arrays with different Drude
weights and collision frequencies.
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where @ represents a set of hypothetic graphene data with a =
19.9 GHz/Q and y = 9.8 THz. From ® — ® we can see the
strength of the electric dipolar resonance increases by
improving the quality of graphene (from the Li et al. data in
2008 to Yan et al. data in 2012). This can be further confirmed
quantitatively from Figure 6c, in which we plotted the resonant
frequencies (f,) and Q-factors (f,/I') of graphene cut-wire
arrays: (i) the resonant frequency keeps nearly the same when
decreasing the collision frequency, however, the linearly
changing of the damping frequency makes the Q-factor
increases constantly; (ii) the damping frequency keeps nearly
the same when increasing the Drude weight, however, the blue
shift of the resonant frequency makes the Q-factor increase
continuously, both of which doubled during the increase of the
Drude weight.

Finally, an important concern we need to mention here is
that even though we have devoted our attention to the impacts
of geometric and material parameters of graphene on THz
response of patterned graphene meta-surface, there may exist
many other novel mechanisms contributing to the EM
responses of graphene plasmonic structures particularly when
the scales are down to nanometer regime.* > For example,
intrinsic optical phonons of graphene, scatterings from the
edges as well as surface polar phonons in substrate like SiO,
may lead to a significantly modified plasmon dispersion and
damping, edge states may cause a red-shift and broadening of
the plasmon resonance in doped graphene nanodisks with
zigzag edges, and nonlocal response arised from spatial
inhomogeneity will also affect plasmonic resonances in
graphene nanostructures. A very recent study also reported
the progress in achieving high confinement and low levels of
plasmon damping by sandwiching graphene in an exceptionally
clean environment with hexagonal boron nitride films.*®
Overall, it should be crucial to take into account all these
factors in the studies of nanoscale graphene structures.

In summary, we exploited graphene cut-wire arrays to realize
tunable meta-surfaces responding in the terahertz regime. The
enhanced 50% maximum absorption was studied by optimizing
the geometry of graphene cut-wires. The sheet retrieval method
was employed to study two graphene meta-surfaces with
different graphene’s factors but showing the same absorption
enhancement, and it is found (i) the collision frequency of
graphene determines the damping frequency of the graphene
meta-surface; and (ii) the resonant amplitude (x/I") can be
used to describe the absorption in a quantitative way.
Systematic investigations on graphene’s factors show that the
improvements in preparing high-quality graphene have got
remarkable progresses in increasing the Q-factors of graphene
metamaterials. Our results on the terahertz absorption
enhancement and tunability of graphene sheet with the
excitaion of electric resonance may have potential applications
for terahertz and infrared band graphene photonics and
optoelectronics.
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