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ABSTRACT Most of the theoretical studies involving graphene, typically assume an ultra-high mobility
and/or high value of Fermi energy to achieve exciting functionalities such as polarization conversion,
absorption, cloaking, among others. In practice, however, graphene with such high mobility is very difficult
to realize, on account of the numerous flaws and impurities that inevitably are introduced during the graphene
growth and transfer process. This severely compromises graphene’s practical performance, despite the appeal
of theoretical predictions. A novel design was presented in ‘X. Wang et al., IEEE Trans. Antenna Propagat.,
vol. 67, pp. 2452-2461,2019’°, wherein a graphene metasurface was devised to accomplish perfect absorption
with excellent electrical tunability, for a wide span of practical mobility values for graphene (2,000 to
20,000 cm?V~!s~1). Motivated by this design, in this paper, we introduce a graphene-metal metasurface
structure, which is engineered to facilitate the realization of practical cloaking of conducting cylindrical
objects. Though the framework for our cloak is ostensibly similar to the metasurface structure in the
aforementioned reference, the phenomenon that our structure is based on, is radically different; consequently,
the functionality and the numerical analysis differs. When this specific metasurface is enveloped around
the cylindrical objects, their scattering width reduces noticeably, thereby making them ‘invisible’ to the
impinging plane wave. Our design demonstrates cloaking even for the most practical low-mobility graphene,
utilizing extremely low Fermi energy values, thereby making our construct desirable not only in theory, but
also feasible for practical applications.

INDEX TERMS Complex surface conductivity, graphene-metal metasurface, low-mobility graphene, mantle
cloaking.

I. INTRODUCTION

The allure of invisibility has galvanized the scientific commu-
nity into focusing substantial amount of research and exper-
imentations on achieving this phenomenon. In this regard,
the concept of cloaking was established, which in general,
is a surrounding cover responsible for curtailing scattered
electromagnetic fields from an object in the near as well as
the far-field regions. Several approaches have been reported
over the past couple of decades, which deal with the design
and analysis of different cloak structures. Transformation
optics is one of the most prevalent methods [1], [2], [3],
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[4], [5], [6], [7]; alternative techniques include plasmonic
cloaking [8], [9], [10], cylindrical transmission-line cloaking
[11], [12], [13], among others. However, there are certain
challenges involved with these methods, such as, the neces-
sity of complex bulk volumetric metamaterials and the use
of very high refractive index profiles for the cloak. As such,
adifferent technique based on the concept of mantle cloaking,
has been proposed [14], [15], [16], [17], [18], [34]. These
cloaks are characterized by an average surface reactance
and are based on the scattering cancellation of the dominant
scattering mode using an ultra-thin metasurface. The man-
tle cloak metasurfaces seem to perform adequately at the
microwave frequencies, however, due to the increase of losses
in metallic elements, implementation of the mantle cloaks
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become tedious at higher frequencies such as terahertz (THz)
and infrared (IR). Considering this, graphene is regarded as a
favorable material that can be utilized to design mantle cloaks
at low-THz frequencies.

Graphene, an allotrope of carbon, gained popularity due
to several attractive features like high tensile strength, sta-
ble thermal and mechanical properties, optical transparency,
among others [35], [36], [37], [38], [39], [40], [41], [42],
[43], [44], [45], [46], [47], [48]. To analyze graphene for
its electromagnetic applications, it is necessary to study its
complex surface conductivity model based on the Kubo for-
mula [40]. The local surface conductivity is characterized by

O—g (wa Ta EFa T)’

2kgT E, _ g
T [ (1 )]
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Arch )
where o is the radian frequency, 7 is the temperature
(T = 300 K is used for the results obtained in this paper),
EF is the Fermi energy level, T is the momentum relaxation
time, —e is the charge of an electron, # is the reduced Planck’s
constant, and kg is the Boltzmann’s constant. The first term
in (1) represents the intra-band contribution, which is approx-
imated using the condition hw < 2 |Eg|, and the second term
represents the inter-band contribution. In the low-THz region
(up-to 15 THz), the intra-band contribution dominates the
inter-band contribution; nevertheless, both terms are included
in our calculations.

A simple graphene monolayer is fashioned as a cloak-
ing device in [41] and is demonstrated to enable scatter-
ing width (SW) reduction for dielectric objects in the THz
spectrum. This design, however, is incapable of cloaking
conducting objects due to the intrinsically inductive nature of
graphene monolayer in the low-THz regime. Thus, a cloaking
structure that employs graphene nano-patches (possessing a
dual capacitive/inductive surface reactance) is introduced in
[42]; both the dielectric and conducting objects are satis-
factorily cloaked by properly tuning the surface impedance
of the graphene metasurface. This idea is further extended
to cloaking of the elliptical structures, which possess non-
symmetric geometries, unlike circular configurations [44].

Now, according to the Kubo formula [40], the sheet
impedance of graphene is inversely proportional to the car-
rier mobility and the Fermi energy level. Based on this
fact, in order to achieve the desired functionality, most of
the theoretical studies purposely assume a large mobility
and/or high Fermi level to lower the sheet impedance of
graphene. In these papers, graphene with extremely high
mobility (more than 150, 000 cm?>V~!s~!, corresponding to
T = 1.5 ps) is utilized. However, in practice, the carrier
mobility of graphene cannot possess such high values owing
to the impurities and defects that are introduced during the
graphene growth and transfer. This poor carrier mobility
is compensated by increasing the Fermi level of graphene
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(Ep ~ 1 eV), but this may disrupt graphene’s band structure,
compromising its tunability. To emphasize its importance,
we present Fig. 1, wherein we show a comparison of SW
plots, corresponding to the decrease in relaxation time (7).
The configuration (cloaked conducting cylinder; inset Fig. 1)
and the geometrical dimensions have been referred from [42];
wherein graphene nano-patches are contrived as a cloaking
device. It is demonstrated that as T decreases, the magnitude
of SW increases, which basically means that the cloaking
action of the graphene nano-patches disappears (see the green
and purple curves representing SW for t = 200 fs andr =
20 fs, respectively; the cloaking behavior is almost non-
existent for such low values of relaxation times). Note that
the relaxation time ‘t’ is directly proportional to the carrier
mobility of graphene, ergo, low mobility, practical graphene
will be rendered unsuitable for cloaking purposes.

- = Uncloaked |

— 7=5ps
0| — T=1ps

— 7=02ps ——%
2 7=20fs =

q

Total Scattering Width (dB)
T

1 1.5 2 2.5 3
Frequency (THz)

f”
n
I

FIGURE 1. Scattering width (SW) versus freq y for a conducting
cylinder covered by graphene nano-patches (inset) for decreasing values
of the relaxation time ‘7",

As a possible solution to these design challenges for prac-
tical graphene, a novel structure, positioning a graphene
sheet on a specific metasurface substrate, is presented by
X. Wang et al. [48]. This structure was modeled to show
that a perfect and strongly tunable absorption is possible
even in a very weakly doped graphene, without the strict
requirements of the carrier mobility. In this paper, we make
use of a graphene-metal metasurface structure inspired by the
design in [48], to facilitate cloaking of PEC (perfect electrical
conductor) cylindrical objects (circular and elliptical) and 2D
PEC strip (as a degenerated elliptical cylinder), at low THz
frequency. This metasurface design (see Fig. 2) employs a
graphene monolayer with a very low carrier mobility, placed
on a substrate embedded with periodic arrays of metallic
patches. By wrapping this structure around the cylindrical
objects, a considerable reduction in the SW is observed,
thus illustrating the cloaking effect. We show that, by prop-
erly choosing the structural parameters, cloaking is perfectly
possible even if the graphene sheet is very weakly doped.
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Particularly, in the low mobility regime, we have designed
two types of tunable cloaking devices; in the case of 7 =
200 fs (carrier mobility, 20,000 cm®V~'s™1), our cloak
structure enables tunability in the frequency of cloaking,
whereas in the case of t = 20 fs (carrier mobility,
2,000 cm?V~1g~] ), the metasurface can operate as a switch
between the cloaked and uncloaked functionalities.

The paper is organized as follows; Section II describes the
proposed model for cloaking of PEC cylinders. In section III,
we present the numerical results for the cloaked cylindrical
objects at T = 200 fs and T = 20 fs. Section IV is allo-
cated to the conclusions. A time dependence of the form
/! is assumed and suppressed and all the results discussed
in this paper pertain to a TM (transverse magnetic) polar-
ized plane wave with normal incidence to the objects. The
analytical results were calculated in the MATLAB software,
whereas the full wave simulations were conducted with CST
MWS [49].

T

F’—“—" —
Graphene ‘ .
:Mona{ayer

. 11 .
(a) Patch (b)

FIGURE 2. (a) Schematic and (b) physical structure for graphene-metal
metasurface cloak.

Il. DESIGN OF GRAPHENE-METAL METASURFACE

The schematic of the cloak designed with a graphene-metal
metasurface is illustrated in Fig. 2(a) (the design is inspired
from [48]). The figure shows an array of thin metallic sub-
wavelength patches (period ‘D’ and gap ‘g’) placed on a
dielectric substrate (permittivity ‘e;’). Although the metallic
patches in this paper are treated as perfect conductors, we also
account for the Drude conductivity of the patches, which is
dominant in the low THz regime (refer to the Appendix for
the details). The graphene monolayer sheet is then transferred
directly onto this metallic patch array. The metasurface, thus
formed by the periodic square patch array and the substrate,
plays the following important roles: realization of a capacitive
component, together with inductive graphene to form a reso-
nant cavity (high impedance surface), and reducing the effec-
tive shunt resistance of graphene. It is known that in order to
cancel the dominant scattering mode of a conducting (PEC)
object, capacitive surface reactance is desired and so, now
our metasurface design should be able to effectively cloak the
PEC cylindrical objects. The required capacitive reactance of
the graphene-metal metasurface can be obtained by a proper
selection of the gap size ‘g’, array periodicity ‘D’, and the
Fermi energy level (Ef) of graphene.

130202

Now, an interesting phenomenon occurs as a direct result
of transferring graphene monolayer on the metallic patch
arrays; in all the graphene-metal contact areas, graphene gets
shorted by the highly conductive metallic patches (referred
from [48]), resulting in the effective part of graphene which is
not shorted, to resemble a fishnet-like pattern (see Fig. 2(b)).
In other words, the surface of our cloak structure comprises
of the square metallic patches along with the presence of the
non-shorted part of the graphene in the gaps between the
patches. As such, the equivalent circuit model of our pro-
posed structure, effectually, is a parallel combination of the
scaled-down impedance of ‘patterned’ graphene ‘Z,’ (Z, =
Zo / p; which can be expressed as a complex quantity: R+jLy,
where Z; = 1 / oy is the surface impedance of graphene
monolayer and p is called as the scaling factor [48], written
asp = (D—g) / g), and the capacitive component ‘Z.’,
contributed by the periodically arranged metal patches, where
Z. =1 / JjwCyp. For a normally incident plane wave, C, is
expressed as Cp = ((er + 1)gDIn [csc (rrg/2D)]) /71 [50].
As a result, for the case of a uniform plane wave normally
incident to the cloak surface, the surface impedance ‘Zg’
of our proposed graphene-metal metasurface is given by a
simple yet an accurate analytical expression:

ZyZ,
s= @)
ZytZe
where the expression for Z, and Z. reads as,
5 nh? 1 iy Th? 1 3
= _— @ _ ,
P e2Er tp / eEr p
and
T
Z. = . 4
7 jo(er+ 1) goDlIn [esc (35)] @
From (3),
Ry = nﬁz/ (ezEFrp)
and
L, = nﬁz/ <€2Epp) .
Thus, the total surface impedance of the metasurface is
R
Zs = ) 5 2
(1 — @?LyCp)~ + (wCpRp)
1 — w?L,C,) — C,R>
+ja) LP ( LP P) P™p (5)

(1- “’ZLpClD)2 + (prRp)z.

It is interesting to observe that this particular design gives rise
to the parallel resonance condition of the metasurface. At the
lower frequencies, the surface reactance of the metasurface is
inductive in nature; this inductive reactance dominates until
the resonance frequency is reached, where, the impedance
is at its maximum. As the frequency goes above resonance,
the metasurface starts to exhibit capacitive behavior and the
capacitive reactance dominates beyond this point (refer to
Fig. 3, wherein a comparison between the surface reactance
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plots for a simple graphene monolayer and the graphene-
metal metasurface is shown for increasing values of the Fermi
energy Ef). The structural parameters used for the plots in
Fig. 3 are given in subsection A of section III for the case of
t = 200 fs. In Fig. 3, we can see that the surface reactance
of the graphene monolayer is always inductive at low-THz
frequencies (observe the dashed curves), whereas the sur-
face reactance of the graphene-metal metasurface goes from
being inductive to capacitive, as it experiences the parallel
resonance (observe the solid curves). This property of the
metasurface structure (specifically its capacitive behavior)
motivated us to study its cloaking property in the case of
conducting cylinders. We should comment here that, the tran-
sition from inductive to capacitive surface impedance of the
structure is tunable with the Fermi energy Ef and can also be
controlled by varying the period D and gap size g.

Imag (Z.) Imag (Zq)

400 T 17 —E,=01eV--.E =01eV

7/
L A s/ |—Eg=02eV--.E =02eV
7/

300 ) 7 —E,=03eV.--.E =03¢V
S T B —E =056V --.E =05¢V
@ 20t 1,/ E =106V - - E_=10eV
b (VAR S F F
g "II P
< Lid gt o
g 100 ,',’/:’, S
9 i, \
< (1% g
=
j=)
wn /

-100 1

-200 : : ; : '

0 1 2 3 4 5 6 7

Frequency (THz)

FIGURE 3. Surface reactance plots for the graphene monolayer (dashed
curves) and the graphene-metal metasurface (solid curves) at = = 200 fs
for increasing values of Fermi energy Eg.

Additionally, we have presented the behavior of the surface
resistance of the metasurface (Fig. 4(a)) in comparison to that
of the graphene monolayer (Fig. 4(b)) for r = 200 fs. From
Fig. 4(a), we see that resistance of the metasurface increases
with frequency until the parallel resonance condition is met,
at which point, it is maximum. After the resonance point, the
resistance goes on decreasing with frequency. By comparing
Fig. 4(a) and (b), we conclude that the graphene metasurface
design greatly reduces the surface impedance.

In this paper, firstly we consider an infinite PEC circular
cylinder enclosed by a conformal graphene-metal metasur-
face cloak, impinged by a normally incident TM polarized
plane wave (see Fig. 5). For this case, the mathematical
formulation to analyze the scattering problem is based on
the Lorenz—Mie scattering theory [51], [52], which gives the
expression for the total scattering width, as a quantitative
measure of the overall visibility of the object. The incident
and the scattered electric and magnetic fields of the plane
wave may be expanded in terms of cylindrical harmonics
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with complex scattering coefficients [53], [54], which can be
determined by imposing boundary conditions at the two radial
interfaces (i.e., surface of the PEC cylinder and the graphene-
metal metasurface). We should remark that, while the tan-
gential electric fields are continuous across the metasurface,
the use of high impedance surface causes discontinuity of the
tangential magnetic field components.

300

N
W
o

N
[
S

—
o4
S

Surface Resistance (£2)
S
S
<~

W
(e}

0 1 2 3 4 5 6
Frequency (THz)
@
3000

2500 1

2000

1500 ¢

1000 f

Surface Resistance (£2)

500 ¢

0 50 100 150 200
Frequency (THz)
(b)

FIGURE 4. Surface resistance plots for (a) graphene-metal metasurface,
and (b) graphene monolayer at v = 200 fs for increasing values of Fermi
energy Eg.

Next, we consider the case of an infinitely long PEC
elliptical cylinder, cloaked by the given graphene-metal meta-
surface (Fig. 11) and a 2D PEC strip (modeled as a degen-
erated ellipse) also enclosed by the metasurface (Fig. 15).
The analytical formulation of the scattering problem for these
instances is based on the method of separation of variables in
order to solve the 2D wave equation in the elliptical coordi-
nates, and subsequently, solving the well-known angular and
radial Mathieu equations, as depicted in [44] and [55]. This
results in a linear system of equations for the unknown ampli-
tude of complex coefficients of the scattered field, which is
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solved numerically with the focus on the dominant scattering
mode.

IIl. RESULTS AND DISCUSSIONS

In the present section, we take into consideration different
cylindrical objects (circular and elliptical) as well as a 2D
PEC strip (which is modeled as a degenerated ellipse) cloaked
by the conformal graphene-metal metasurfaces. We demon-
strate the applicability and effectiveness of the proposed
cloaking structures by presenting several numerical results of
our analytical approach. We have also provided comparison
and confirmation for these analytical results using full-wave
simulations performed with CST Microwave Studio [48].

A. CLOAKING OF CIRCULAR CYLINDERS

We take into consideration an infinitely long circular PEC
cylinder with radius a. The respective designed metasurface
is wrapped around this conducting cylinder concentrically,
with the intention to make it ‘invisible’ (i.e., to bring about
reduction in the SW of the PEC cylinder) to a normally
incident TM polarized uniform plane wave. The dielectric
substrate with relative permittivity &, used as a part of our
metasurface design, also plays the role of a spacer over the
conducting cylinder, thereby avoiding an electrical short. The
radius of this circular dielectric spacer is a.. Refer to Fig. 5 for
the schematic configuration and the cross-sectional view of
the structure.

Graphene
Metallic Patches
Dielectric

Graphene-Metal
& Metasurfuce
Cloak

"y

(a) (b)

FIGURE 5. (a) Schematic and (b) cross-sectional view of a circular PEC
cylinder cloaked with the graphene-metal metasurface.

The quasi-static approximate expression for optimum sur-
face reactance Xop, to effectively cloak a conducting cylinder
covered by a thin spacer (permittivity &;) under TM-polarized
illumination, is obtained by generalizing the results in [5]:

y>—1
y (y2+1)
where pg is the permeability of the free space, and y =
a / ac. Here, Xopt is an analytically extracted expression for the
surface reactance, under the assumption that the amplitude

of the coefficient corresponding to the dominant scattering
mode is required to be zero (essentially ensuring that there

(©)

Xopl = wpoa
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is no scattering of the dominant mode). Also, we would
like to mention that the simple closed form expression for
Xopt 1s obtained for a small-argument approximation of the
Hankel and Bessel functions. Since this expression is fre-
quency dependent, we have plotted the curve for Xop with
respect to frequency (see Fig. 7(b) and 10(b)) and an inter-
section point on this curve should give the required value
of the surface reactance that will ensure zero scattering of
the dominant mode, thereby facilitating the cloaking effect.
As mentioned before, the graphene-metal metasurface in
Fig. 2(b) has a dual inductive/capacitive nature. Since we
are concerned with cloaking of the conducting cylinders,
we concentrate on bringing out the capacitive nature of the
metasurface. This is possible by appropriate selection of the
metasurface parameters, effectually balancing the intrinsic
kinetic inductance of graphene with the negative reactance
provided by the capacitive metallic patches. We demonstrate
the cloaking effect using low-mobility graphene, specifically
corresponding to the relaxation times of r = 200 fs and
v = 20 fs, employing low Fermi energy values (as low as
Er =0.1eV).

= Uncloaked (Analytical) ‘

=== Cloaked (Analytical)
%\ = = Uncloaked (CST) P

=&~ Cloaked (CST) i
— O :/ *
g * :_*‘* * %
=
an
E-3F
S
£
5 /
w2 A ,
s -6 N
s N
@]
= N

W
9 : : :
2 2.5 3 3.5 4
Frequency (THz)

FIGURE 6. Frequency variation of the total SW for a circular PEC cylinder
cloaked by graphene-metal metasurface (z = 200 fs and Eg = 0.1 eV).

For the case of 7 = 200 fs (mobility 20, 000 cm?>V~!s~1),
following parameters were chosen for the metasurface cloak
design: a. = 13 um,a = 10 um, & = 12, g = 1.75 um,
D = 13.6136 um, and Ep = 0.1 eV. It is evident from
Fig. 6 that there is a considerable decrease in the SW for
the cloaked circular cylinder as compared to the uncloaked
case. We have also provided validation for the analytical
results in Fig. 6 using the full-wave numerical simulations
obtained with CST. The magnitude of the total SW reduces
by approximately 6.5 dB for both analytical and simulation
results at the frequency 2.95 THz. In addition to this, we have
also illustrated tunability in the frequency of cloaking at T =
200 fs (the design specifications indicated above are used here
as well).
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By changing the value of Fermi energy Eg, we achieve
reduction in the total SW at different frequencies, as shown
in Fig. 7(a). We further relate these plots to the frequency
dispersion of surface reactance in Fig. 7(b), wherein surface
reactance of the graphene-metal metasurface is plotted for the
increasing values of Fermi energy Egr. Along with this, the
optimal surface reactance X calculated using (6), is also
plotted (shown by dotted black curve).

2
g o
g
e
=
_%“ 4l — B =01V
% — E =02eV
S -6t — E=03eV
E’ — E.=05eV
o _
= -8 E.= 1.0eV
= = Metal Patches
10 | | ‘ = = Uncloaked
1 2 3 4 S 6

Frequency (THz)
(@

Surface Reactance (£2)

s
W
S

)
S
S

-250 L
0

Frequency (THz)
(b)

FIGURE 7. (a) SW versus frequency for a cloaked circular PEC cylinder,
showing tunability in cloaking frequency, and (b) frequency dispersion of
the surface reactance for different Fermi energy (Eg).

Through Fig. 7(b), we attempt to exhibit that it is possible
to tune the surface reactance of the metasurface such that
the capacitive region of the curve intersects the required
value on the X, curve, in order to target a desired cloaking
frequency. We would like to draw your attention to Fig. 7(b),
wherein two intersection points are observed for every sur-
face reactance plot (solid colored plots) on the Xop curve
(dotted black curve). However, we are not interested in the
first intersection points since they highlight the intersection
of the ‘resonance’ region of the surface reactance (of the
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graphene-metal metasurface) with the X, curve, and conse-
quently, do not contribute towards cloaking of the cylindrical
objects. We are more interested in the second intersection
points because these points emphasize the intersection of the
‘capacitive’ region of the surface reactance plots with the
Xopt curve. These junction points are crucial to our design
as they provide the capacitive surface reactance values (of
the metasurface) necessary to achieve the cancellation of
the dominant scattering mode of the conducting (inductive)
cylinder. Another important role that these second intersec-
tion points play is that they indicate the approximate cloaking
frequency of the design at a particular Fermi energy level. For
instance, from Fig. 7(b), for Eg = 0.1 eV, the junction point
of the capacitive part of the plot with the X, curve is seen at
the frequency 3.08 THz (the value of Xop at this intersection
point is —83.29 2). Now, observe Fig. 7(a); for Er = 0.1 eV,
the minimum of the total scattering width (cloaking effect) is
seen at the frequency 2.95 THz. Similarly, for Er = 0.2 eV
in Fig. 7(b), the intersection occurs at 3.42 THz (the value
of Xopt is —91.77 €2), and from Fig. 7(a), for Er = 0.2 eV,
cloaking effect is seen at the frequency 3.29 THz. Similar
observations can be made for the plots at the remaining
Fermi energy levels. Note that in Fig. 7, a supplementary
dashed red curve is plotted to observe the behavior of metallic
patches, in the absence of graphene monolayer. This serves
as a comparison point between the inherent capacitive nature
of the metallic patches and the induced capacitive action of
the graphene-metal metasurface. We should mention here
that in Fig. 7(a), the magnitude of scattering width is seen
to increase with the increase in Fermi level Ef, indicating
that there is an apparent deterioration in the cloaking per-
formance. To explain this peculiarity, we compare Fig. 7(a)
and Fig. 4(a). It is evident that at Ep = 0.1 eV, cloaking
frequency is 2.95 THz (Fig. 7(a)), and the surface resistance
at this frequency is around 9.8 2 (Fig. 4(a)). Next, at Er =
0.2 eV, the frequency of cloaking is 3.29 THz (Fig. 7(a)),
and the surface resistance at this frequency is found to be
approximately 21 Q (Fig. 4(a)). Similarly, at Er = 0.3 eV,
cloaking is observed at 3.56 THz (Fig. 7(a)) and the surface
resistance at this frequency is around 35 2 (Fig. 4(a)), and
so on. Hence, we can say that as the Fermi level increases,
there is an increment in the surface resistance values at the
cloaking frequency of the metasurface design. Accordingly,
we attribute this behavior to the increase in the ohmic losses
at the cloaking frequencies, when the Fermi energy levels
are increased. Nevertheless, even at the higher Fermi levels
(especially at Er = 1 eV), the cloaking action of the metasur-
face design does not completely deteriorate; the cloak design
manages to provide enough reduction in the scattering width
as compared to the uncloaked case. Moreover, we also exhibit
the snapshots of the electric field distribution for infinitely
long, uncloaked and cloaked circular PEC cylinder, at the
cloaking frequency 2.95 THz, in Fig. 8 to further exemplify
the cloaking functionality of our design. It can be clearly
seen that the wave fronts of the electric field are strongly
perturbed in the absence of the cloak, which are then restored
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by wrapping the suitable graphene metasurface around the
cylindrical object.

The exciting cloaking feature of our metasurface design
is also demonstrated at an extremely low mobility value of
2,000 cm?V~—ls—1 corresponding to the relaxation time T =
20 fs. The design parameters are: a; = 14 um, a = 10 um,
e =12,D =1099 um, g = 1.75 um, and Er = 0.1 eV. Itis
manifested in Fig. 9 that the metasurface leads to a substantial
suppression of the total SW at the frequency 2.5 THz and
the full-wave simulation results agree well with the analytical
results. The SW decreases from —2.3 dB (uncloaked case) to
—8.8 dB (cloaked case) for the analytical results, and for the
CST simulation results, the SW drops down from —2.2 dB
(uncloaked case) to —9 dB (cloaked case).

(2) (b)

FIGURE 8. Frequency variation of the total SW for a circular PEC cylinder
cloaked by graphene-metal metasurface (v = 20 fs and Eg = 0.1 eV).
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FIGURE 9. Snapshots of the electric field distribution for (a) uncloaked
and (b) cloaked circular cylinder impinged by a TM-polarized plane wave
at normal incidence for = = 200 fs.

Now, it was found that the surface resistance values of
the graphene-metal metasurface are higher at the cloaking
frequencies for the low quality, highly lossy graphene (having
low mobility values); and that at very low mobilities, the value
of resistance further increases with increase in the Fermi
energy Er. While this hampers the ability of the metasurface
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to act as a frequency-tunable cloaking device, the meta-
surface however, proves to be an excellent switch between
the cloaked and uncloaked functionalities, at extremely low
mobility values. It is apparent from Fig. 10(a) that the mag-
nitude of SW goes on increasing with increasing Er values,
which means that cloaking behavior of the metasurface grad-
ually tends to disappear, and for Eg > 0.5 eV, the metasurface
no longer functions as a ‘cloak’.

—
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FIGURE 10. SW versus frequency for a cloaked circular PEC cylinder,
showing tunability in magnitude of cloaking, and (b) frequency dispersion
of the surface reactance for different Fermi energy (E).

The frequency dispersion plot for the surface reactance of
graphene-metal metasurface along with the optimal surface
reactance curve Xop for effective cloaking of a conduct-
ing cylinder (dotted black curve) is presented in Fig. 10(b).
The dashed red curves in Fig. 10 denote the plots for the
performance of metallic patches in absence of the graphene
monolayer. It is interesting to see that the behavior of
graphene-metal metasurface at Erp = 0.1 eV (refer to the
solid red curve in Fig. 10) is very much similar to that of
the metallic patches, when low quality graphene (having
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very low carrier mobility, in this case 2, 000 cm?>V~1s™1) is
employed. However, our graphene-metal metasurface adds on
the ‘cloaking tunability’ feature to the cylindrical object that
is encompassed by it.

B. CLOAKING OF ELLIPTICAL CYLINDERS AND 2D PEC
STRIP

1) ELLIPTICAL CYLINDERS

Here, we show that the same metasurface design that is used
to cloak circular cylinders, can now be adopted to bring
about cloaking of the elliptical PEC cylinders. Consider a
long infinite length of a conducting elliptical rod (semi-major
axis ‘ap’ and semi-minor axis ‘bp’). The confocal, elliptically
shaped graphene-metal metasurface is wrapped around this
rod to achieve scattering reduction at a desired frequency
(refer to Fig. 11 for the schematic configuration).

Graphene v
Metallic Patches 4
N

Graphene-Metal
Metasurfuce

Dielectric

(@) (b)

FIGURE 11. Schematic and (b) cross-sectional view of the elliptical PEC
cylinder cloaked with the graphene-metal metasurface.

For elliptical cylinders as well, we demonstrate that by
appropriate selection of the structural parameters for the
metasurface cloak, it is possible to make the conducting
ellipse ‘invisible’ to the normally incident uniform TM polar-
ized plane wave. Similar to previous subsection, we show
the cloaking effect using low-mobility, low quality practical
graphene. In this regard, for the relaxation time of v =
200 fs (mobility 20,000 cm?V~!s~1), following structural
dimensions were selected: ag = 10.04 um, by = 6.67 um,
a; = 125 pm, by = 10 um, & = 10, D = 14.18 um,
g = 2.25 um and Er = 0.1 eV. As illustrated in Fig. 10(a),
there is a substantial reduction in the SW for the cloaked
elliptical cylinder with reference to the uncloaked case at
the frequency 3.3 THz. The full-wave numerical simulation
results, obtained with CST, are provided in Fig. 12(a), to ver-
ify the analytical results. For analytical results, a difference of
10 dB, whereas for simulation results with CST, a difference
of 8.9 dB is recorded between the uncloaked and cloaked
conditions at 3.3 THz. Furthermore, we have shown the fre-
quency tunability feature of our cloak structure in Fig. 12(b).
By changing the Fermi energy Ef, we can achieve reduction
of the total SW at different frequencies.

In addition to this, to visualize the cloaking effect of the
metasurface design, we present the snapshots of the electric
field distribution for the uncloaked and cloaked elliptical
PEC cylinder for t = 200 fs, at the cloaking frequency
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3.3 THz, in Fig. 13. This further corroborates the successful
cloaking action of our design. From Fig. 13, we can clearly
see the strong perturbations in the wave fronts of the electric
field, in the absence of the cloak, which are then restored
by wrapping the suitable graphene metasurface around the
elliptical PEC object.

Similarly, we present the numerical results for T = 20 fs
(mobility 2,000 cm*?V~!s~!) in Fig. 14. The dimensions
used for this case are the same as that oft = 200 fs.
In Fig. 14(a), a noticeable decrease in the SW is observed at
the frequency 3 THz and the analytical plots are validated by
the full wave numerical plots (obtained with CST). A scat-
tering reduction of approximately 9 dB is noted for both
analytical and simulation results at 3 THz. For this extremely
low mobility regime, we have also shown the tunability in
the magnitude of cloaking in Fig. 14(b). As the Fermi energy
level Ef increases, the cloaking action of the metasurface
structure starts to disappear (this is evident from the increase
in the magnitude of SW). Thus, for r = 20 fs, the metasurface
acts as a tunable switch between the cloaked and uncloaked
functionality.

2) 2D PEC STRIP

We finally present a special case of 2D metallic (PEC) strip,
which is modeled as a degenerated metallic elliptical cylinder
(bo = 0) and again, the same metasurface construct is utilized
to facilitate cloaking of this 2D strip. To obtain the optimum
scattering reduction, we cloak the metallic strip by placing the
focal points of the elliptically shaped graphene metasurface
at the edges of the strip. Fig. 15 shows the schematic for the
cloaked configuration.

We proceed to show that excellent cloaking action is
observed for the 2D strip, illuminated by a normally incident
uniform TM polarized plane wave, when it is enclosed by the
graphene-metal metasurface structure. As per usual, proper
selection of the design parameter values is necessary to bring
about the desired cloaking effect. Similar to the discussions in
the previous sections, we endeavor to facilitate cloaking of the
2D strip using a very practical graphene (characterized by low
mobility values), with a low Fermi energy level (particularly
at Ep = 0.1 eV). As such, we make use of graphene with
v = 200 fs and 20 fs, and design our cloaking structure
with the following dimensions: ap = 7.5 um, by = 0 um,
a; = 10.04 um, by = 6.67 um,D = 10.6 um, g = 2.75 um,
e =8and Er = 0.1 eV.

To substantiate our claim, we present the plots for fre-
quency dispersion of SW in Fig. 16 (a) and (b), for the cases
of t = 200 fs and 20 fs, respectively. For both of these
instances, a substantial amount of reduction is observed in
the magnitude of total SW for the cloaked 2D strip. The full
wave numerical simulation results in these plots serve to val-
idate the analytical results. The magnitude of SW decreases
by 16.5 dB and 12 dB for the analytical and the full-wave
simulation results, respectively, at 3.3 THz for t = 200 fs
(see Fig. 16(a)).
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FIGURE 12. (a) Frequency dispersion of the total SW and (b) SW versus
frequency, showing tunability in cloaking frequency for an elliptical PEC
cylinder cloaked by graphene-metal metasurface for - = 200 fs.
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FIGURE 13. Snapshots of the electric field distribution for (a) uncloaked,
and (b) cloaked elliptical cylinder impinged by a TM-polarized plane wave
at normal incidence for = = 200 fs.

(b)

Similarly, for t = 20 fs, a reduction of 13 dB and
10 dB in the total SW is noted for analytical and simulation
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FIGURE 14. Frequency dispersion of the total SW and (b) SW versus
frequency, showing tunability in magnitude of cloaking for an elliptical
PEC cylinder cloaked by graphene-metal metasurface for = 20 fs.
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FIGURE 15. Schematic and (b) cross-sectional view of the 2D PEC strip,
cloaked with the graphene-metal metasurface.

results, respectively, at 3 THz. We should comment here that
the numerical results demonstrating the frequency tunability
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feature at T = 200 fs, and the switchable cloaking action at
Tt = 20 fs, for the cloaked 2D strip are not provided to avoid
repetitiveness; however the metasurface cloak is perfectly
capable of achieving the said tunability features even for the
case of 2D PEC strip.
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FIGURE 16. Frequency variation of the total SW for (a) = 200 fs and
(b) = = 20 fs for a 2D PEC strip cloaked by the graphene-metal
metasurface.

To give a visual representation of the cloaking effect of the
metasurface design on the 2D strip, the snapshots depicting
electric field distribution for the uncloaked and cloaked PEC
strip, is presented for T = 200 fs, at the cloaking frequency
3 THz, in Fig. 17.

The electrical field distribution snapshots correspond to
a propagating plane wave incident normally to the struc-
ture (see Fig. 15). This substantiates the successful cloaking
action of our metasurface design. In Fig. 15, we can clearly
see the strong perturbations in the wave fronts of the electric
field, in the absence of the cloak, which are then restored
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FIGURE 17. Snapshots of the electric field distribution for (a) uncloaked
and (b) cloaked 2D PEC strip impinged by a TM-polarized plane wave at
normal incidence for = 200 fs.

by encasing 2D PEC strip by the specifically engineered
graphene-metal metasurface.

IV. CONCLUSION

In this paper, we have presented a unique metasurface con-
struct for cloaking of circular, elliptical PEC cylinders, and
also 2D PEC strip, as a special case. The design configuration
involves the use of graphene-metal metasurface cloaks, which
adopts the mantle cloaking approach to facilitate reduction in
the total scattering width of the conducting objects. In addi-
tion to this, we also illustrate the tuning capabilities of this
metasurface design. Particularly, we demonstrate the cloak-
ing effect even with the use of low-quality graphene, using
very low Fermi energy values, which exemplifies the potency
of our design for practical applications.

APPENDIX
To gain an insight into the Drude conductivity of the metallic
patches, we consider the patches to be characterized by a
complex surface conductivity o PRUPE (Sm~1),
DRUDE _ wgtf‘lgo ’ 7
1 4+ jotm
where w, is the plasma frequency, w is the radian frequency,
Tm = 1/ ', is the phenomenological scattering time for the
metal, and g is the permittivity of free space. Thus, for the
metallic patch array depicted in Fig. 2, the patch array surface
impedance Zy, [43] is now given as,

D 1

Zn = + - ’
D —g) o DRUDE; chp

®)

where D is the period, g is the gap size, ¢ is the thickness
of the metallic patches, and Z. = 1/(jwCp) is the capaci-
tive impedance associated with the patch geometry (C, =
((er + D eoD In[csc (wg/2D)]) /) [50].

Now, we consider gold metallic patches with the fol-
lowing parameters: plasma frequency w, = 1.36 x
10'0 rad/s and scattering rate I'y, = 3.333x10'3 radss.
As an example, at 3 THz, using the above parameters,
the Drude conductivity for gold patches is calculated to
be oPRUDE (3.7226x107) —j (2.1051x107) Sm .
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Let the first term in (2) be denoted as ‘Zp’; therefore
Zp = D/[(D—g)oPRUPEs]. For D = 10.99 um, g =
1.75 pum and t+ = 75 nm, we calculate Zp to be Zp =
(0.32284-j0.1825) <.

Next, we determine the value of the second term in (2),
ie. ‘Z’. For D = 1099 um, g = 1.75 um and &, = 12,
we obtain the value of Z. as Z. = j(—94.2812) Q.
Hence, at 3 THz, the surface impedance of the gold metal-
lic patches ‘Zy,’ as depicted in (2) calculates to be Z, =
(0.3228) —j (94.0987) 2. As such, the surface impedance
Zn consists of a very small real resistance and a capacitive
reactance. It is apparent that the impedance value of ‘Zp’
is insignificant when compared to the value of ‘Z.’, clearly
indicating that the geometric patch capacitance dominates the
weakly inductive reactance contributed by the Drude con-
ductivity. This is typical for metallic patches in the low THz
range of frequencies. Consequently, for the sake of simplicity,
we neglect the contribution from the Drude conductivity and
treat the metallic patches as perfect conducting materials in
this paper.
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