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Abstract

Graphene has attracted considerable attention ever since the discovery of its unprecedented
properties, including its extraordinary and tunable electronic and optical properties. In
particular, applications within the microwave to terahertz frequency spectrum can benefit
from graphene’s high electrical conductivity, mechanical flexibility and robustness,
transparency, support of surface-plasmon-polaritons, and the possibility of dynamic tunability

with direct current to light sources.

This review aims to provide an in-depth analysis of current trends, challenges, and prospects
within the research areas of generating, manipulating, and detecting electromagnetic fields
using graphene-based devices that operate from microwave to terahertz frequencies. The
properties of and models describing graphene are reviewed first, notably those of importance
to electromagnetic applications. State-of-the-art graphene-based antennas, such as resonant
and leaky-wave antennas, are discussed next. A critical evaluation of the performance and
limitations within each particular technology is given. Graphene-based metasurfaces and
devices used to manipulate electromagnetic fields, e.g., wavefront engineering, are then
examined. Lastly, the state-of-the-art of detecting electromagnetic fields using graphene-

based devices is discussed.
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1. Introduction

Novoselov et al. [1] discovered that electric fields could
modulate the electrical conductivity in ultrathin carbon films
in 2004. Using the rather simple scotch tape method, they
isolated a two-dimensional (2D) layer of carbon from a
graphite block, now commonly known as graphene. It was
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previously considered impossible to isolate a single crystalline
layer of carbon atoms because scientists believed it would roll
up instead of remaining in the planar form [2]. Graphene was
the first documented 2D material, forming naturally thanks to
the carbon sp? hybridization. Its discovery has triggered a
substantial amount of research and also led to the discovery of
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Figure 1. Carbon allotropes. Reprinted with permission from [3]. Copyright 2009 by the American Physical Society.

other 2D materials. It has sparked hopes for a revolution in
electronics.

Graphene is a semi-metal, and graphene-based devices are
generally not aimed to replace the workhorses of silicon (Si)
technology, such as the complementary metal-oxide-
semiconductor (CMOS) transistors, as graphene lacks a
natural bandgap (BG). Nevertheless, graphene possesses
properties not accessible with silicon and holds great promise
for electromagnetic (EM) applications- for instance, in the
microwave and terahertz (THz) frequency ranges. Metals and
semiconductors have been so far the dominant materials
employed for generating, manipulating, and detecting EM
fields at those frequencies. However, graphene’s high electron
mobility, dynamic tunability, and the support of surface
plasma polaritons (SPPs) make it an ideal candidate to
enhance or even replace established technologies. This paper
aims to give an overview of the current progress of graphene
antennas used to generate EM waves; using graphene to
facilitate metasurface-based devices, e.g., for wavefront
engineering; and realizing graphene-based EM absorbers and
detectors within the microwave and THz frequency ranges.

In this review, Section 2 introduces graphene and its
properties, including a brief overview of synthesis procedures
with an emphasis on integration capabilities. Section 3 covers
the generation, manipulation, and detection of EM fields using
graphene devices. Section 3.1 gives an overview of graphene-
based antenna applications in the microwave and THz range.
There is a substantial amount of experimentally demonstrated
flexible, transparent, and integrated antennas in the
microwave frequency range. On the other hand, antennas
reported in the THz range are mainly based on numerical
simulations of resonant or traveling-wave antennas and the
dynamic tunability of their properties. Section 3.2 focuses on
metasurface-based beamforming applications. Two main
structures are reported, reflectarrays and transmitarrays. Their
function is briefly explained, and advances enabled by
graphene devices are analyzed. Section 3.3 provides an
overview of graphene-based absorbers. It will be described
how their responses can be dynamically reconfigured in

dedicated frequency ranges. Examples of total absorption are
given. Section 3.4 focuses on graphene-based EM detection
architectures. Their principal operating mechanisms are
explained and evaluated. In particular, THz detectors based on
graphene field-effect transistor (GFET) will be emphasized
since they form an important area of research in the
development of measuring EM fields. Section 4 concludes the
review and gives an outlook on the future of graphene-based
devices in the microwave and THz frequency ranges.

2. Unique Properties of Graphene

Graphene is a 2D allotrope of carbon [2]. It can be seen as
the basis for the other 2D allotropes of carbon, including
graphite, which is a stack of many graphene layers (typically
more than 10 [4]), carbon nanotubes (CNTSs, rolled-up sheets
of graphene with different chirality), and fullerene molecules
(sphere-like structures of wrapped graphene, or C,) [3], see
figure 1.

The 2D nature of carbon is enabled by sp? hybridized
atoms naturally forming a planar, honeycomb/hexagonal
lattice structure. Each atom forms three o-bonds with
neighbouring carbon atoms. They are separated by 1.42 A [5]
and are responsible for the strength of the lattice structure [3].
These orbitals form the completely filled valence band of
graphene. P-orbitals are perpendicular to the lattice and form
covalent bonds (r-bonds) with neighboring atoms to create a
so-called n-band [3]. Pristine graphene has one electron per
carbon atom in the m-band, resulting in a half-filled band [3].
These electrons are highly mobile and are responsible for
graphene’s unique electrical properties.

2.1 Tight Binding Model

The carbon atoms in graphene are arranged in a hexagonal
structure, but its lattice can also be seen as triangular, as
illustrated in figure 2(a), with the lattice vectors [3]
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Figure 2. (a) Graphene’s hexagonal lattice and its Brillouin zone. (left) Graphene lattice structure which comprises two
triangular Bravais lattices, and (right) Brillouin zone with Dirac cones being located at the K and K’ points. (b) Electronic
dispersion of graphene in a single hexagonal lattice element for t = 2.7 eV and t’' = —0.2t. Reprinted with permission from

[3]. Copyright 2009 by the American Physical Society.

and a ~ 1.42 & being the carbon atom separation distance.
Accordingly, the reciprocal lattice vectors can be written as

3a( ’ )’ 3a( ’ )

61, 05, and &5 represent the nearest neighbor vectors and are
given by [3]

5, =5(1V3).6, = 5 (1,-V3),8, = —a(1,0). (3

The previously discussed Dirac points are positioned at the
two K and K’ points. They also represent the corners of
graphene’s Brillouin zone (BZ). Their absolute positions are
determined as [3]

_ 21 21

K= (2—2'3%)“ = (a"gﬁ)- “)

Using the tight-binding Hamiltonian for graphene electrons,
which considers electron hopping to the nearest and next-
nearest-neighbor atoms, Wallace [5] derived the energy bands
as [3]

Ey (k) = +ty3+ f(k) —t'f(k), ©)
f (k) = 2 cos(V3kya)

+ 4 cos (? kya> cos (; kxa>, ©)

with k representing a 2D vector from the center of the BZ (see
figure 2(a)), t being the nearest-neighbor hopping energy
between different sublattices, and t' being the next-nearest-
neighbor hopping energy within the same sublattice. Figure
2(b) shows the upper (E,) and lower (E_)-band from equation
(5) for t = 2.7 eVand t' = —0.2t. It also visualizes how non-
zero values for t’ break the electron-hole symmetry [3].

Graphene has a linear energy-momentum diagram with
zero bandgap at the Dirac points. Figure 2(b) indicates that its
dispersion surfaces form cones, which are often referred to as
Dirac cones.

As aresult, very high intrinsic carrier mobilities have been
demonstrated in graphene. It has been determined to have a
theoretical limit of ~2 x 10° cm? V=1 s~ [6], for exfoliated
and suspended graphene. This value is significantly higher
than any metal. The Fermi velocity of graphene is defined as
vg = 3ta/2 and has a value of vp=1x10°ms~1 [3].
Moreover, graphene offers a very high saturation velocity.
Dorgan et al. [7] have measured values of > 3 x 107 cm s~
for graphene on silicon dioxide (SiOz). Furthermore, it can
withstand significant electrical currents. In fact, a breakdown
current density of > 108 A cm™2 has been demonstrated in
[1]. These properties make it an outstanding material for
electronic and EM applications.

Graphene’s electric field effect on carrier concentration
was first demonstrated by Novoselov et al. [1]. It characterizes
the modulation of the carrier concentration, which leads to a
variation of the conductivity of graphene. Their experiment
revealed graphene’s ambipolar characteristics  with
electrostatic biasing. Their results showed the charge neutral
point (CNP), i.e., biasing voltage at which the conductivity of
graphene has a minimum, is shifted towards positive voltages.
This is due to the interactions between graphene and the
substrate and gate dielectrics and graphene’s intrinsic doping.
Most manufacturing processes of graphene will result in
distinct initial doping. For example, chemical vapor
deposition (CVD) graphene is generally p-type, whereas
epitaxial graphene (EG) grown on silicon carbide (SiC) is
primarily n-doped [8]. Consequently, these graphene samples
will have either a hole or electron dominant conduction in their
unbiased state. With increasing voltages V* and decreasing
voltages V~ the CNP can be reached, where a mixed hole and
electron conduction occurs until the main carrier type finally
changes. Ideal graphene has its CNP at V, =0V and its
conductivity changes symmetrically as the absolute value of
biasing increases, as shown in figure 3(a).
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Figure 3. (a) Electrostatic biasing induced electric field effect in single-layer graphene. The graph shows the ambipolar
modulation of graphene's resistivity and the Fermi energy change with varying gate voltages. (b) Band structure of graphene
for (bottom-left) pristine graphene, (bottom-right) non-ideal graphene with minimal bandgap, (top-left) doped graphene with
slightly larger bandgap, and Fermi energy shift, as well as (top-right) doped graphene with electromagnetic biasing. (a)
Reprinted by permission from [10]. Copyright 2014 Springer Nature. (b) Reprinted by permission from [9]. Copyright 2007

Springer Nature.

Next to the possibility of EM biasing and graphene’s zero
BG, the electronic properties of graphene are of high relevance
for electronic applications. Like semiconductor applications,
graphene can be dynamically tuned using various biasing
options and doped to manipulate its material characteristics for
optimal adjustment according to the selected application. It
should be noted that doping, similar to biasing, will change the
Fermi energy Ep. It also introduces a BG within the band
structure [9]. Figure 3(b) shows two versions of graphene’s
band structure. The nonideal one has lost the V-shape of the
ideal version and has become parabolic.

2.2 The Conductivity of Graphene

One of graphene’s most important properties for its use in
electronic and EM applications is its conductivity and
tunability. It has therefore been a significant area of research
in the early years after graphene’s discovery. Knowing the
behavior of the conductivity regarding various biasing
mechanisms, as well as its temperature and frequency
dependence, is crucial for the characterization of graphene and
the development of models. These are commonly used in
simulations and essential in the research of possible
applications.

Graphene is modeled as an infinitesimally thin non-local
two-sided sheet whose surface conductivity can be described
by a two-dimensional conductivity tensor [11]. In the case of
non-local anisotropic graphene, it can be expressed as [11]

6(0)1 MC(EO)! r; T; BO)

= XXoyy + XJoy, + JX0yx @)
+yyoyy
were oy, and oy, represent the diagonal electrical

conductivity, oy, and oy, the Hall conductivity, w the angular

frequency, u. the electrostatic biasing dependent chemical
potential, I' as the phenomenological scattering rate, T the
temperature, E, the electric and B, the magnetic biasing fields
normal to the surface.

Considering electrostatic and magnetostatic biasing, three
separate cases can be defined [11].

1. Under the consideration of no electrostatic and
magnetostatic ~ biasing  (E, = B, =0), the
components of the conductivity tensor become non
zero operators

d? d?
Oxx —0+a +,de2, 8)
d2 d?
O'yy=0'+/3@+ad—y2, ©))
d2
Oxy = Oyx = 28 dxdy (10)

where g, a, and B can be derived from a semi-
classical Boltzmann’s equation [11] to be

i2In(2) e?kgT

7=" m(w —ziZF)hz' (1)
3 Vg

" 4am(w —i2I)2 o (12)

B = %a, (13)

and (11) equals (23) for u. = 0.

2. For cases where the electrostatic biasing is non zero
whereas there is no magnetostatic biasing nor special
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dispersion (E, # 0,B, = 0), the conductivity
becomes a scalar
Oxx = o-yy =04 (,u-c (EO))' (14)
Oxy = Oyx = 0, (15)

with u.(E,) being the electrostatic dependent
chemical potential and the conductivity o,; given by
(18).

3. Under consideration of magnetostatic and possibility
of electrostatic biasing, yet no special dispersion

fd(Mn) _fd(Mn+1) +fd(_Mn+1) - fd(_Mn)

(By # 0, possibly E, # 0), the components of the
conductivity tensor are determined by

Oxx = Uyy = O-d(.uc(Eo); BO)v
Oxy = —Oyx = O-O(HC(EO); BO)v

(16)
(17)

with the conductivities o4 and o, being given by (18)
and (19), respectively.

The derivation of graphene’s conductivity results from
consideration of the Kubo formalism and is given in detail in
[12-15]. The explicit expressions for the conductivities o4 and
o, are given by [11].

04(uc(Eo), By) = i

(e?vileByl(w —i2IN)h) -
. X ) A

fa(=My) = fa(Mp11) + fa(=Mp41) — fa(M,)

(Mn+1 -

i e
X|1-—
MnMn+1 Mn+1 _Mn

)7 — (@ — i2I)2h2

r (18)

(Mp41 — Mp)? — (w —i2I')?h?

x —_—
MnMn+1 Mn+1 - Mn

00 e(Ex), B) = = 20Ny (1,) — fa M) — fo~ M) + fal M)

n=0
AZ

! (19)

x {(1 B MnMn+1> (Mn+1 - Mn)z — (w — 2iIN?h?
2

A
+(1+
( MnMn+1> (Mn+1 -

with

M, = \/AZ + 2nvi|eBy|h (20)

where e is the electron charge, # is the reduced Planck’s
constant, vy being the Fermi velocity, 4 is the excitonic energy
gap due to electron interactions with magnetic biasing, i as the
imaginary unit, and f4 being the Fermi-Dirac distribution. It is
given by [16]

(e=p¢)

fa(e) = (eW + 1>_ (21)

where kg is the Boltzmann’s constant, and T is the
temperature.

Most research regarding electronic device applications of
graphene focuses on the electrostatic biasing condition (see
case 2. above). Under these circumstances, the conductivity
tensor of graphene can be reduced to ¢ and derived from
04(u.(Ey), By). It is dependent on w, the angular frequency,

1
M,)? — (@ — 21r)2n2}'

U, the chemical potential, I', as the phenomenological
scattering rate, as well as T, the temperature, and can be
expressed as [16]

0(w, e, T, T) = 04 (pe(Ey))

_ie*(w —i2l) 1 ® (afy(e)
B mh? (w—iZF)ZfO €< de

3 afd(—f)) de — fm fa(=&) — fa(e)
Oz 0 (w—i2l)?—4 (%)2

Here the first and second terms represent intraband and
interband contributions, respectively. This formula is often
referred to as the Drude conductivity model of graphene. The
individual contributions can be separately evaluated to be [16]

(22)
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Figure 4. Graphene’s conductivity model. (a) Real and (b) imaginary part of graphene conductivity for y. = 0.5eV, T =
300 K, and 7 = 0.5 ps. (c,d) Enhancement into frequency region of interest.
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where the interband conductivity is approximated for kgT «<
lu.l, hw. Electrostatic biasing varies the chemical potential
and will thus change the conductivity. Generally, an increase
in chemical potential leads to an increase in conductivity.
Alternatively, this can also be achieved via chemical doping
[17] and optical pumping [18, 19]. The latter has shown to
result in a negative conductivity of graphene for frequencies
in the THz to the mid-IR range at sufficiently strong pumping
due to a population inversion around the Dirac point caused
by photogenerated electrons and holes [19].

Given the general definition of complex conductivity o =
o' +ic", figure 4 shows the real and imaginary part of
graphene’s conductivity for uy. = 0.5eV, T = 300K, and 7t =
0.5 ps, T being the relaxation time and related to I by I' =
1/27. In the case of direct current (DC) and for a mobility of
u=10000cm?V~ts™1 it can be estimated to be tpc =
uhvnm/evy = 0.64ps [20], with n as the carrier
concentration.

Two significant characteristics can be observed. First,
intraband transitions are the primary conduction mechanism
in the lower frequency range. They contribute significantly to
the imaginary part of the conductivity. As the frequency
increases, the interband contribution becomes more dominant.
Second, o, represents the general optical conductivity of
graphene. As the frequency is reduced, it becomes slightly less
but significantly increases with even lower frequencies and
can reach values up to 100 X the optical conductivity [21], as
illustrated in figure 4.

As analyzed in [16], the propagation of surface waves is
dependent on ¢”’. Transverse magnetic (TM) surface modes
can propagate if ¢’ < 0. This is mostly valid as the intraband
contribution dominates in many cases. Although an
introduction of chemical potential can alter the conductivity,

see figure 4. The imaginary part of the conductivity becomes
positive since ¢” > 0. In this case, o, dominates over

inter
Ointra- Therefore, only TE surface wave modes will exist.

In the THz range, interband transitions in graphene are
forbidden due to the Pauli exclusion principle [22]. It results
in low losses and allows for SPP wave propagation in
graphene. SPPs can propagate for frequencies hw < 2u. [17].

Researchers have investigated the influence of magnetic
biasing on graphene’s conductivity as well. Although the
findings are exciting, they will not be discussed in detail here
as magnetic biasing is rarely used in electronic applications.

Finally, the most striking and unconventional discovery is
that graphene has been shown to exhibit an odd integer
quantum Hall effect (QHE) [12, 13]. The hall conductivity
exhibits a quantization that is given by

262 2
@y=—7rQn+n,n=aLm, (25)

with e being the electron charge and h as the Planck’s
constant. In comparison, the Hall conductivity of two-
dimensional electron systems takes the form of

ve?

. (26)

Oyxy

where v is an integer (the integer QHE) or a fractional number
(the fractional QHE) [12].

2.3 Surface Plasmon Resonance

Another essential property of graphene, and one of the
reasons it is intensively studied within the THz frequency
range, is its support of SPPs. This phenomenon is particularly
exciting in nanophotonics as it would allow the control of light
at dimensions smaller than the wavelength [20, 23]. Still, it
also found meaningful application in the design of graphene
antennas and other devices.

SPPs are EM waves that travel along the interface of a
metal and a dielectric or air. As the name suggests, SPPs are a
combination of surface plasmons (SPs), which describe
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Figure 5. Transverse magnetic plasmon modes in general graphene system. Graphene is sandwiched between two dielectrics
with their relative permittivities €., and €.,. The field profile is the same as for surface plasmons at the metal-dielectric
interface. Reprinted with permission from [20] Copyright (2009) by the American Physical Society.

quantized charge oscillations of electrons and holes at the
interface, and polaritons, quasiparticles induced by coupling
of dipole excitations (e.g., electron-hole pair) and EM waves.

For the existence of SPs, the SP carrying material needs to
satisfy the following criteria: the real part of its dielectric
constante = €’ + ie” needs to be negative, i.e. €’ < 0, and the
imaginary part € should be significantly smaller than the
negative real part of €, i.e. €' « —¢' [17, 20].

Their complex wave vector Kspp defines SPP propagation
properties. It is defined as [22]

i(e; + €;,)eqc

SPP o 0

(27)

with K, being the free-space wave vector, c the speed of light,
o being the surface conductivity, €, representing the vacuum
permittivity, and €, and e, are the relative dielectric
permittivities of the material above and the substrate below
graphene.

Its real part is related to the SPP wavelength Agpp by
Re{Kspp} = 2m/Agpp, Which is much smaller than the free-
space wavelength 4, [17]. On the other hand, the decay and
propagation length of the SPPs are related to the imaginary
part of Kgpp by Im{Kgpp} and 1/Im{Kgpp}, respectively. The
high inductive conductivity of graphene leads to TM modes
[24], see figure 5, with an effective mode index defined by
[17]

(28)

with u, and €, being the permeability and permittivity of free-
space, and ¢ being the surface conductivity of graphene.

In conjunction with metallic materials, graphene supports
SPPs at a much lower frequency, namely in the mid-IR range
versus near-IR to the optical range for metals [17]. At the same
time, graphene exhibits low losses in the frequency regime of
interest and is tuneable [20]. The latter has been demonstrated

to allow for the dynamic control of the wavelength and
amplitude of plasmons in graphene structures [25, 26].

2.4 Other Properties

Although not directly an electronic property, high thermal
conductivity is vital for various electronic applications. One
of the main problems with integrated circuits is that resistive
heat must be dissipated rapidly to maintain device reliability
and performance.

Particularly analog high power electronics suffer from
substantial heating. The continuing trend of downsizing
planar integrated technologies results in densely populated
integrated circuits with long interconnects (up to above 1 km
in length) and high power consumption [27], further
challenging the thermal management. Three-dimensional
(3D) die integration reduces the length of interconnects but
leads to even higher device and power densities, with heat
dissipation becoming a major bottleneck [27].

Pristine graphene has been demonstrated to show superior
in-plane thermal conductivity of ~5.3 x 103 W mK™1. It even
exceeds the best bulk crystalline thermal conductivity of
diamond, which ranges between 1 x 103 —2.2 X
103 W mK~? [28]. Graphene could be used as heat spreaders
to aid thermal management in integrated devices [27].

The tight lattice structure of graphene makes it
impermeable to even the smallest gas molecules [10].
Combined with graphene’s property of compromised
electrical properties upon molecular attachment on its surface,
which generally is considered a disadvantage, it allows for
application as molecular/gas sensors [9].

As previously discussed, graphene’s unique lattice
structure is the reason for its mechanical strength and
elasticity. Electronic applications directly benefit from these
characteristics. They result in more robust devices which can
withstand significant mechanical stress and allow for new
applications such as flexible electronics. Graphene has been
shown to have a Young’s modulus of 1 TPa and intrinsic
strength of 130 GPa [29]. However, the inherently poor
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adhesion of graphene to its underlying substrate can still pose
an issue for manufacturability and thermo-mechanical
reliability, particularly for transferred graphene [30].

A single graphene layer absorbs only about 2.3 % of the
incident light, making it an interesting material for coating, or
invisible electronic applications, such as optically transparent
antennas [31]. A Taylor expansion can be used to estimate the
transmittance [9]

1

(1+5)

T = ~1—an =97.7%

(29)

with « = e?/ch ~ 1/137 being the fine structure constant,
of which e is the electron charge, and £ is the reduced Planck’s
constant. For multiple layers, this can be extendedto T = 1 —
Narm, with N representing the number of layers.

The properties discussed up to this point are primarily
based on free-standing, single-layer monocrystalline
graphene, such as exfoliated graphene [1]. However, the
properties are immediately affected if the grain sizes are small
[32], several graphene layers are stacked [32, 33], and when
graphene is integrated, due to its interaction with the
underlying and overlying layers [34, 35], as is typically the
case in integrated electronics.

2.5 How is Graphene Produced?

Quite disparate approaches for synthesizing graphene have
emerged ever since the development of the scotch tape
method, also referred to as mechanical exfoliation, that was
used to prepare the first graphene samples [1]. They all have
their particular advantages and disadvantages concerning the
properties of graphene, scalability, sample size, fabrication
complexity, and cost. Ultimately, the particular properties of
the produced graphene determine the possible applications.
Therefore, only a few of these approaches are viable for use in
graphene production and its use for electronics and EM
applications.

Several technologies have proven themselves to be useful
for the characterization of graphene samples. The most
prominent technologies are Raman Spectroscopy, Energy
Dispersive X-Ray Spectroscopy (EDX), X-Ray Photoelectron
Spectroscopy (XPS), Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), and Transmission Electron
Microscopy (TEM).

As electronic and EM applications generally require
homogenous and large-area graphene, this review will only
focus on the fabrication of graphene via CVD and epitaxial
growth on SiC. A summary of alternative manufacturing
techniques is also given.

2.5.1 Chemical Vapor Deposition

Graphene layers can be grown on various, often sacrificial,
metallic surfaces using CVD. The process has shown to
produce large-area uniform polycrystalline graphene films
[32] and was first introduced by Li et al. [36]. They grew
graphene on copper foils, which were used as a catalyst, in a
furnace. This is a multi-step process. First, the furnace needed
to be evacuated, filled with hydrogen, and heated to 1 000 °C.
During the heating process, a constant hydrogen pressure of
40 mTorr and an influx of 2 sccm needed to be maintained.
The second step initialized the growth process by introducing
a 35 sccm inflow of methane at a total pressure of 500 mTorr
into the furnace. As the gas contacts the copper inside the
chamber, a reaction occurs that allows for the formation of
graphene on its surface. The growth process takes a specific
amount of time, after which the furnace is turned off and
cooled down. To make the grown graphene film usable for
electronic device fabrication and other applications, it needed
to be separated from the copper foil. For this purpose, a
transfer process was developed that allowed to separate the
graphene from the metal and deposit it on SiO,/Si wafers. The
growth process produces predominately single-layer graphene
(SLG), with < 5 9% of the area having multiple layers.

Since the introduction of CVD graphene, many variations
have been developed using several different metals, carbon-
source gasses, and experimental setups. Yet, they are
generally based on the same principles. Graphene films of a
few square meter areas have been produced, as shown by
Kobayashi et al. in [37]. They used a roll-to-roll CVD process
to deposit a graphene film on a 100 m long copper foil and
transfer it onto a polyethylene terephthalate (PET) film. The
transfer process that is used to separate the graphene film from
the metal and deposit it onto another material has also been
improved significantly. It allows for the transfer of the film
onto a large variety of substrates and materials, such as Si,
Si0O,, Quartz, PET, and many more. Recently, Xu et al. [38]
developed a CVD process for growing single-crystal graphene
on copper foils by reducing the synthesis time to 20 minutes.
This process can potentially also be scaled to m? sized copper
foils.

CVD graphene has been demonstrated to have excellent
electrical properties. Some samples of CVD graphene
transferred to SiO, and hexagonal boron nitride (hBN)
substrates have been shown to match the properties of
mechanically exfoliated graphene on a small scale [32]. They
generally offer high homogeneity as well as purity and allow
for reasonable control of graphene film properties. Yet, the
fabrication process still brings a number of challenges with it.
It is relatively labor-intensive and may produce toxic by-
products. Further, the transfer process is not trivial as it can
damage the graphene films and adds to the complexity.
However, some applications do not require the transfer of
graphene, such as corrosion protection coatings. It is also
prevalent for CVD graphene to have an intrinsic chemical
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(a) Ni/Cu deposition

(b) Sample annealed at 1100°C

(c) After metal removal
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Figure 6. Catalytic alloy graphitization mechanism of SiC/S
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doping profile due to the metallic catalyst used. Due to
graphene’s interactions with its substrate, this effect can be
further enhanced with its transfer onto another material,
reducing its purity and degrading its electrical and mechanical
properties.

2.5.2 Epitaxial Growth on Silicon Carbide

Silicon carbide is a common substrate material used in the
design of high-power electronics. Graphene layers can be
epitaxially grown on its surface via thermal decomposition
due to the sublimation of Si atoms and species on either its
silicon or carbon faces. It has first been demonstrated by
Forbeaux et al. [39] on silicon terminated 6H-SiC(0001)
substrate. The process is relatively straightforward as it only
requires the substrate to undergo an annealing process. An
annealing temperature of 1400 °C and ultra-high vacuum
(UHV) with a pressure of < 3 x 10~1° mbar are required for
graphene to form on the surface. Berger et al. [40] further
analyzed the process, and they were the first to measure the
graphene film’s electrical properties. Their fabrication
approaches were similar, but Berger et al. introduced several
oxidation and de-oxidation steps to improve the surface
quality of SiC before graphitization. They found that this
growth process results in a stack of randomly oriented
graphene layers.

The main drawbacks of this approach are the high
temperatures (1 300 — 1 700 °C) that are required to realize
the graphitization, the cost of SiC wafers, as well as the
restriction to small wafer sizes (ds;c = 150 mm) available
compared to silicon (dg; =® 300 — 450 mm) [32, 41].

Various groups investigated the use of metal catalysts with
the primary goal of reducing the temperature needed for
graphitization (= 750 °C) [42]. The higher-quality graphene
layer was found to form on the metal surface and would thus
require an additional transfer process, similar to CVVD-grown
graphene [43].

Simultaneously, heteroepitaxial growth of cubic SiC (3C-
SiC) films on silicon wafers and the graphitization thereof

have been investigated [44-46]. However, the crystallographic
orientation, defects, and surface roughness of the 3C-SiC/Si,
significantly limit the quality of graphene formed via thermal
decomposition of the pseudosubstrates [47]. The Raman
spectrum commonly shows a Ip/I; ratio close to unity,
indicative of extremely small and patchy domains [48, 49].
Recently, a catalytic alloy approach using Cu and Ni on
epitaxial SiC on Si wafers has shown the capability for wafer-
scale uniform graphitization [41, 50], see figure 6. Here, the
graphitization takes place at lower temperatures (900 —
1100 °C) and in high vacuum (HV) (~10~* mbar) instead of
UHV, and makes it compatible with current Silicon processing
technologies [43].

The epitaxial graphene grown following this procedure has
recently yielded a sheet resistance comparable to that of EG
on bulk SiC [51]. The sheet carrier concentration and mobility
follow the inverse power-law dependence typical of supported
graphene [34]. The transport properties of EG on both bulk
SiC and SiC/Si are dominated by the interface between the EG
and the substrate [34, 35], which is also the case for CVD
graphene. Hence, engineering of the interface needs to be
carefully considered when designing integrated graphene-
based devices.

In contrast to CVD graphene, epitaxial growth of graphene
on SiC/Si can be used to graphitize previously patterned SiC
to create three-dimensional graphene-based structures [30,
43]. It further offers much higher adhesion to the substrate,
more than 6] m~2, compared to tranfered graphene, 1.5 —
2]m™2 [30].

2.5.3 Other Techniques

Mechanical exfoliation produces graphene samples with
the best electrical properties. The samples are prepared by
repeatedly exfoliating graphite until left with a single layer of
graphene. It is a highly random process and generally
produces only tiny flakes of graphene. This makes it only
applicable to research in laboratory environments [32].
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Another example of an exfoliation technique is liquid-
phase exfoliation. In liquid-phase exfoliation, graphite is
exposed to an organic solvent. Initial sonication results in the
splitting of first graphite pallets from the graphite sample.
Further sonication allows for the graphene pallets to break
down into graphene flakes [52]. Solution-mediated
approaches are widespread, and a large number of graphene
flakes can be produced this way. Their major drawback is that
deposited layers can only be formed by overlapping the flakes
rather than homogenous and conjoined layers. Instead, they
are ideal for the fabrication of graphene paints and inks [32].

CNTs were discovered before graphene. They can be seen
as rolled-up graphene sheets. Several methods have been
developed that allow for the unzipping of CNTs to form
graphene nanoribbons [53].

Other graphene fabrication processes are available but will
not be discussed here due to the lack of utility towards
electronic and EM applications.

2.5.4 Graphene Inks/Graphitic Films

There are various approaches to synthesize conductive
graphene ink, each offering different characteristics.
Researchers are continuously working on improving their
properties, and most importantly, their conductivity. Graphene
flakes that are commonly fabricated using liquid-phase
exfoliation, see above, are their main ingredient.

Generally, conductive graphene inks can be divided into
two categories depending on whether they have been made
with or without binders [54, 55]. Binder-free graphene ink
only consists of graphene flakes and an organic solvent such
as N-Methyl-2-pyrrolidone (NMP), Dimethylformamide
(DMF), or Dihydrolevoglucosenone (Cyrene), with the former
two being toxic and unsustainable [56]. On the other hand,
binder-based inks contain binders such as ethyl cellulose (EC)
or cellulose acetate butyrate (CAB). The insulating nature of
binders makes them generally unusable for RF applications.
However, a compromise in the graphene ink’s conductivity
can be acceptable in some cases, depending on the application.
Even though high-temperature annealing has been shown to
improve the conductivity of binder-based graphene inks, this
processing step makes them incompatible with heat-sensitive
substrates [55]. Other conductive films are often made of
metal nanoparticles [57] or conductive polymers [58].
Nevertheless, they have drawbacks such as high cost, the
possibility of oxidization, low conductivity, or low thermal
and chemical stability [54-56]. Graphene inks offer a cost-
effective alternative that could resolve those issues.

Graphene ink has the advantage that it can easily be printed
on various substrates, such as PTFE, glass, paper, cardboard,
and more, depending on the type of ink used [55, 59]. The ink
can be deposited using inkjet printing, doctor-blading [55], or
screen printing, each having its specific advantages [56].
However, due to the thickness of the ink films, graphene ink-
based devices lose their transparency and can not be
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considered graphene anymore. Instead, they can be referred to
as graphitic films, laminates, or layers.

Graphitic films with metallic-like conductivities of up to
~1.43 x 10 Sm™1 [60], which at a 25 pm layer thickness
results in a sheet resistance of 29 mQ o1, have been reported.
They lead to lower ohmic-losses and improved antenna
performances, making them an excellent alternative to typical
metal films in flexible antenna applications.

2.6 Structuring of Graphene

Basic research around the synthesis of graphene mainly
focuses on the creation of uniform, high-quality unpatterned
graphene. However, most applications require a precise and
defect-free structuring of graphene.

Plasma-based dry etching is currently the most common
approach to pattern graphene [61]. Generally, oxygen (O;) gas
plasma is used, and graphene is etched via the oxidation of the
carbon atoms [62, 63]. A mask, e.g., metal or photoresist, is
commonly used to cover the graphene that is not to be etched
[62]. Some of these processes may introduce additional
defects and damage the graphene [64].

Recently, maskless approaches have been explored. They
significantly simplify the structuring process and can reduce
the risk of contaminating or damaging the graphene during the
deposition of the masking layer. Such approaches include
focussed ion beam (FIB) [65, 66] and laser direct writing [67,
68].

In addition, very recent research focuses on atomic layer
etching, where individual graphene layers can be removed.
These are also optimized to minimize the introduction of
defects and contamination to the underlying graphene layers
[69].

Alternatively to etching the graphene, the unpatterned layer
can be selectively oxidized [61, 70, 71], chemically doped, or
biased [72-74] to achieve the effect of a patterned structure.
For example, in the former, an ultraviolet (UV)-ozone
treatment transforms graphene to graphene oxide (GO),
creating local insulating and conducting areas [61], while in
the latter, localized biasing creates patches within the same
layer of graphene that have different conductivities [74].

Finally, as already discussed in section 2.5, graphene can
be patterned by leveraging the unique properties of some of
the synthesis processes. For example, EG grown on SiC/Si can
be structured by pre-patterning the SiC layer on silicon [30,
43]. On the other hand, graphene-ink films can be patterned
using inkjet printing, doctor-blading, or screen printing [56].

3. Generation, Manipulation, and Detection of
Microwave and Terahertz Electromagnetic Fields

The microwave (300 MHz to 300 GHz) and THz (often
now taken to be 100 GHz to 30 THz) frequency ranges have
attracted a lot of interest in recent years. Current wireless
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technologies, e.g., mobile communication, broadcasting, etc.,
use up a large portion of the lower frequency spectrum. The
latest technology generation of cellular networks, the so-
called fifth-generation (5G), includes frequencies up to 300
GHz. Not only do they overcome the current spectrum
sparsity, but higher frequencies also facilitate a significant
improvement in data transmission rates and latency. In
addition to upgraded communications, the THz frequency
range enables medical, sensing, imaging, defense, and other
applications [17, 75]. There is currently a lot of focus on the
THz frequency range because of them and a lack in the
number of available sources and devices to meet them [17].

A variety of metals are used for radio frequency (RF)
systems. Their application in the THz range faces significant
challenges because they then exhibit a significant degradation
in their conductivity and skin depth [17]. Both of these
properties result in low radiation efficiencies in antenna
applications and reduced transmission and propagation
capabilities as interconnects.

THz sources still suffer from limited power levels.
Consequently, what energy they do provide needs to be
preserved as much as possible. Furthermore, THz waves
experience strong attenuation as they propagate through the
atmosphere. It is therefore essential to design high directivity
and highly efficient devices to overcome these propagation
losses [76].

Graphene-based antennas are a highly researched topic.
However, the plasmonic properties of graphene do not play a
significant role in the microwave frequency range. Its
electrical and mechanical properties are of particular interest
instead. These include graphene’s high conductivity [77],
optical transparency [31], flexibility [78], and tunability [79].

In addition, biosensing describes an emerging platform of
graphene devices that utilizes, among others, optical and
electromagnetic properties of the 2D material. Today,
graphene-based biosensors research spans a wide range of
health applications, such as for the detection of motion [80],
neural signals [81], or biomarkers, which include but are not
limited to: DNA (deoxyribonucleic acid), microRNA (micro
ribonucleic acid), molecules, and Proteins [82, 83]. RF and
plasmonic devices based on graphene have recently been
investigated in [80, 83].

Through the presence of SPPs in the THz frequency range,
EM fields experience significant confinement in graphene.
This feature leads to a significant size advantage compared to
the use of metal [24]. Recent research has shown that
plasmonic graphene ring structures experience a 20-fold
enhancement of the electric field as compared to metallic
counterparts [84]. Moreover, the possibility of tuning
graphene’s electrical properties using various biasing
mechanisms allows for dynamic reconfiguration of various
properties of antennas, such as their resonance frequencies
[24] and radiation patterns [85].
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Leaky wave antennas (LWA) rely on waves traveling in
guiding structures. EM waves are radiated due to perturbations
introduced on those structures, which are typically metallic or
dielectric waveguides. One exciting feature of most LWAS is
their frequency scanning ability, where the beam direction is
scanned by varying the operating frequency of their sources
[86]. However, in communication applications, one needs
beam scanning at a fixed frequency and the ability to change
it [87]. This problem can be mitigated in several ways
associated with the physics of periodic structures and
intelligent engineering. It is a continuing research area in
LWAs. Graphene’s tunability can be used for beam scanning
LWAs while maintaining the ability to change the operating
frequency [86]. Furthermore, LWAS can be extended to planar
array designs using metasurfaces [88].

Metamaterials are engineered materials whose properties
can be tailored to specific applications. They consist of sub-
wavelength 3D structures embedded in a substrate, generally
referred to as unit cells or meta-atoms, that are usually
assembled in a repeating pattern. The characteristics of any
metamaterial are mainly determined by the meta-structures
and their couplings rather than the substrates’ properties.
Metamaterials are convenient for designing devices used, for
instance, in beamforming applications because they facilitate
the necessary manipulations of the amplitude, phase, and
polarization of EM waves exciting them. Historically, metallic
metamaterials have dominated their applications. However,
strong absorption and complex manufacturability of 3D
micro- and nano-structures have hindered them from being
employed at THz and higher frequencies [18].

Metasurfaces are the 2D complements of 3D
metamaterials. They comprise an array of sub-wavelength
planar structures, also generally referred to as unit cells or
meta-atoms, and are often made of metals on a dielectric
substrate, but more recently as all-dielectric structures. The
individual unit cells act as scatterers, and the response of
impinging EM waves can be reasonably determined by Snell’s
law of refraction and reflection [89]. They have the main
advantages of being low profile, lightweight, and being easy
to manufacture and are commonly used for generating [88],
manipulating [90], and absorbing [91] EM fields. They have
found and continue to be envisioned for applications in
spectroscopy and communications as antennas, antenna
arrays, lenses, and absorbers.

Until recently, metasurfaces could not be dynamically
reconfigured. Their properties were fixed by their design and
specific application [92]. However, dynamic tunability of the
metasurface properties and their EM responses is essential for
applications such as beam scanning, wavefront manipulation,
frequency filtering, and multi-spectral absorbers. In particular,
dynamic reconfiguration at THz frequencies and beyond had
suffered from the lack of compact tunable elements [93].
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Depending on the application, frequency region,
metasurfaces can be dynamically reconfigured using various
methods[94]. These include, but are not limited to: MEMS
[95], liquid crystals [96], phase-change materials such as
vanadium dioxide (VO,) [97] or chalcogenides (e.g. GeShTe
(GST)) [98]; and transparent conductive oxides such as
indium tin oxide (ITO) [99]. Tunability is achieved by
dynamically changing the geometry of the metasurface or its
dielectric permittivity. The particular technology used will
significantly influence the response time of the system [92].

The angular frequency dependant permittivity of graphene
is related to its surface conductivity via [100]

ioc(w)
wA

egr(w) = €5 + (30)

where €, is the permittivity of free-space, w as the angular
frequency, A the graphene layer thickness, and o(w) as
graphene’s surface conductivity from (22). Graphene can
therefore be used to dynamically reconfigure the EM response
of graphene-based metasurfaces and broaden the scope of its
applications [93]. Electrostatic biasing using a capacitive gate
is the most commonly used approach and is quite well defined
[101]. Electrostatic biasing can also be achieved using planar
side gating [102], a solid polymer electrolyte [103], or ion gel
[104]. Optical pumping [18] and chemical doping [105] have
also been explored for tuning graphene’s properties. However,
much care must be taken when graphene’s tunability is used
to design the biasing architecture. For example, the biasing
network for electrostatic biasing can influence the properties
of a graphene-based device.

A wide range of numerical and analytical approaches have
been used to characterize the phase response of graphene-
based metasurface unit cells. The most common are equivalent
circuit models or full-wave simulations [88, 91, 103, 106-
108].

Apart from LWAs, graphene-based metasurface structures
at THz frequencies are commonly used to design reflectarrays
[106], transmitarrays [18], high impedance surfaces [109], and
absorbers [91]. Their planar design allows for ease of
fabrication using common nanofabrication processes.

Even though GFETs have not managed to match the
capabilities of semiconductor-based FETS, they have found
application in the area of EM field detection [110-112].
Graphene allows for several detection mechanisms, with the
main focus lying in the THz frequency range.

3.1 Antennas

Most antennas are currently realized with a variety of
different metals. Metals offer high electrical conductivity, and
many are relatively inexpensive, and there are many antenna
fabrication processes available. Depending on the specific
frequency range of interest, antennas can be fabricated with a
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variety of processing techniques, including, for example,
conduit, milling, printing, or nanofabrication via lithography
[87]. Copper is currently the most widely used material for
fabricating antennas in the RF and microwave frequency
range. However, as noted above, metals suffer from
significant conductivity and skin depth degradation in the THz
regime, resulting in high ohmic losses [17]. The prominent
properties of graphene for antenna applications, i.e., its high
electrical conductivity, mechanical flexibility and robustness,
transparency, support of SPPs, and the possibility of dynamic
tunability, allow for the design of optically transparent
antennas [31, 70, 71], flexible antennas for wearable
electronics [54, 113], and miniaturized nanoantennas for high-
speed data transmission at the nanoscale [114, 115].
Furthermore, graphene’s tunability can reconfigure antennas
in various ways, such as dynamically changing its radiation
pattern [85, 116, 117]; resonance frequency [17, 24, 114, 117]
and frequency scanning [86, 118]; and beam scanning at a
fixed frequency [86, 101].

3.1.1 Microwave Frequency Range Graphene Antennas

Early near-field characterization of the exposure of CVD
graphene patches deposited on metal microstrip lines to
electromagnetic fields indicated that graphene is dominated by
losses in the X-band (7.0-11.2 GHz) due to its high sheet
resistance. Comparing the effectiveness of the fields radiated
by a few-layer graphene patch to a copper patch of identical
dimensions, it has been shown that their radiation efficiencies
were on the order of 20.7 % and 80 %, respectively [119]. A
later study on the near-field radiation of capacitively coupled
CVD graphene-based patches consisting of one to five layers
of graphene indicated that no microwave resonance is present
for patches with sheet resistances of > 0.6kQ o' and
predicted that sheet resistances of < 10 Q o~! are necessary
for microwave antenna applications [77]. Regardless,
researchers have successfully demonstrated antennas based on
graphene with inferior conductivities that still perform
sufficiently well depending on the application, e.g., radio
frequency identification devices (RFIDs) [55].

Although graphene’s most interesting properties will not
significantly influence antenna realizations in the microwave
frequency range, researchers have investigated graphene
antennas’ performance, properties, and possibilities in this
frequency range. In contrast to antennas in the THz range,
graphene-based ones in the microwave range have been
experimentally analyzed and, in some cases, compared to
metallic antennas. The focus has been mainly in the
fabrication of flexible [54-56, 59, 60, 78, 80, 113, 120-123],
transparent [31, 70, 71], and tunable antennas [78, 79, 124-
129].

3.1.1.1 Microwave Resonant Antennas
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Figure 7. Printed microwave graphene antenna. (a) Fabricated graphene patch antennas on the SiO2/Si substrate surrounded
by a gold ground plane. (b) Magnification of the gold, SiO2, and graphene interface. (c) Measured |S;,| values in the X-band
for 0, 50, and 200 V biasing voltage. Reprinted from [124], with the permission of AIP Publishing.
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Figure 8. Optically transparent chemical vapor deposited graphene-based dipole antenna. (a) Graphene-based antenna
connected to SMA connector. (b) Probe station measurement setup for characterization of the reflection and transmission
coefficients. (c,d) S-parameter measurement results for the (c¢) gold and (d) graphene antennas. (a) © 2018 IEEE. Reprinted,
with permission, from [71], (b) Reprinted from [70], with the permission of AIP Publishing.

Resonant antennas get their name from their fundamental
operating characteristic. They exhibit resonant current and
voltage standing waves arising from internal reflections that
occur from their structure, such as from edges or open ends.
They are also known as standing wave antennas [130].
Examples of resonant antennas are monopole, dipole, and
patch antennas. Their dimensions are directly related to
integer multiples of 1/2, where A is the wavelength associated
with the resonance frequency in the structure.

Dragoman et al. [124] have fabricated antennas from CVD
graphene that were transferred onto SiO/Si wafers (see figure
7(a)). Raman spectroscopy indicated low defects, and mostly
SLG was confirmed. The graphene patch was structured using
reactive ion etching (RIE) and used as the main radiating
element. It was surrounded by a grounded gold plane and fed
by a coplanar waveguide (CPW), both being made of gold.
The substrate was mounted on a metal stage that doubled as
the back metalization. The reflection parameter |S;,| of the
antenna is characterized using a vector network analyzer
(VNA) and a ground-signal-ground (GSG) probe at 8 —

13

13 GHz. Biasing was applied through the GSG probe (side
gated biasing of the radiating graphene patch via the
surrounding gold plane). The overall reflection loss was about
—9 dB and has two distinct resonances at 8.8 and 11.4 GHz
with corresponding reflection coefficients of —12.2 dB and
—13.4 dB, respectively. In contrast to the analogous metallic
antenna, the graphene antenna had a wide bandwidth. The
application of biasing slightly shifted the reflection loss
spectrum vertically. The reason for this was the variation of
the graphene surface resistance and the improper impedance
matching of the antenna to the 50 Q VNA port [124]. The
resulting shifts in the resonances were within 24 MHz, as
shown in figure 7(b). Dragoman et al. mentioned that the high
resistance of the graphene induces high losses, which would
explain the shifts. Moreover, only moderate radiation
efficiencies were measured because of it if no biasing was
applied. However, no values for the antenna gain or efficiency
were specifically given.

Kosuga et al. [70, 71] designed optically transparent dipole
antennas made of CVD SLG on quartz and compared their
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Figure 9. Optically transparent graphene dipole antenna. (a, b) Comparison of experimental and simulated (a) |S;;| and (b)

gain values. (c) Comparison between experimental and simulated 3D radiation patterns at 1, 2, 3, and 6 GHz. Reprinted from
[31], with the permission of AIP Publishing.

performance to dipole antennas made of gold. Structuring of  [71]. Similarly, it was expected that the resonant frequency of
the graphene was done using UV-ozone treatment with gold the graphene antenna would be affected by the dielectric
masks. Removal of the mask exposed the transparent graphene  constant of graphene, making the antenna appear physically
antenna; see figure 8(a). The antennas were characterized in  smaller, contrary to the expectations for the THz regime
[70] using a VNA and a probe station. The transmitting portis  associated with SPP effects.
connected to the antenna via a GSG probe, and the receiving Grande et al. [31] investigated the dielectric behavior of
port is connected to a horn antenna, as illustrated in figure graphene further, and they suggested using multi-layer
8(b). The measurement showed resonances at 20.7 GHz for graphene (MLG) to reduce the sheet resistance of the graphene
the graphene and at 9.2 GHz for the gold antenna with similar ~ film. Additionally, they doped the individual graphene layers
absorption coefficients of around —10 dB. Considering the using SOCI,. Stacking six of these doped CVD graphene
resonance shift to a higher frequency, the graphene antenna layers on a glass substrate, they achieved a sheet resistance of
appears electrically larger, which is not desirable. 1800t with a total optical transmittance of 85 %.
The antennas in [71] were fabricated with the same However, they indicated that stacking individual graphene
dimensions as in [70] but were fed via a SubMiniature version layers only works for a limited amount of layers. The
A (SMA) connector instead of a probe. The CVD graphene conductivity saturates with increasing layer count and
was electrically characterized. It had a conductivity of 4.0 x  decreases the conductivity of bulk graphite if further layers are
10° Sm™*, which corresponds to a sheet resistivity of added due to interlayer interactions and impurities [31, 33]. A
750 Q o~1. The reflection loss was determined with a VNA. wide planar antenna design with dimensions of 75 mm X
Similar resonances were measured, i.e., at 21.6 GHz for the 25 mm was used to provide a wider bandwidth compared to
graphene-based antenna and at 9.5 GHz for the gold antenna.  dipole antennas. It provides a —10dB bandwidth of >
Moreover, the absorption coefficients vary significantly with 3.5 GHz and an average gain of —1 dBi with an average
—11 dB for graphene and —20 dB for the gold antenna. The efficiency of 21 % (see figure 9(a) and 9(b)). Figure 9(c)
half-power beamwidth characterization shows that the shows the radiation pattern of the antenna. Its dipole-,
graphene antenna has a higher directivity compared to the Au  quadrupole-, and hexapole-like behavior agree well with
antenna with 6.2 dBi and 5.2 dBi, respectively. However, the ~ simulation results.
simulations predicted that the gain of the graphene antenna The dynamic tunability of graphene’s electrical properties
would be 4.2 dB higher. The reduction is associated with the only plays a marginal role in the microwave range. Graphene
significantly lower conductivity of graphene, and it was behaves as a variable frequency-independent resistor [124]
suggest that SLG behaves more like a dielectric than a metal when subjected to biasing, e.g., electrostatic biasing. Non-
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Figure 10. Schematic illustration of fabricating a binder-free conductive compressed graphene laminate (In this review
referred to as graphitic film). Reprinted from [55], with the permission of AIP Publishing.

transparent microwave antenna implementations made of individual graphene flakes were barely visible after
metal significantly outperform graphene ones. However, CVD  compression [55].

graphene could still be used in transparent applications, e.g., A half-wavelength dipole antenna was fabricated by
for invisible antennas on screens or glass, if the low radiation  depositing a graphitic film on paper using the doctor-blading
efficiency can be tolerated. Current alternatives to CVD technique via a stainless steel stencil [55]. The reflection
graphene are ITO [131, 132], indium-zinc-tin-oxide (IZTO) coefficient of the antenna shows a minimum of —11.6 dB at
[133], fluoride-doped tin oxide (FTO) [131], silver-coated thin 960 MHz, and the —10 dB bandwidth is from 890 MHz to
films (AgHT-4) [134], and metal mesh patches [133, 135]. 1020 MHz. The authors correctly stressed that the reflection
Each hasits distinct advantages and disadvantages concerning  coefficient not only indicates how well the antenna is
transmittance, conductivity, sustainability, manufacturability, impedance matched to the source but also how well power is
and cost [31, 132]. While SLG provides the highest optical transmitted from the source to the antenna, i.e., propagation
transparency, metal mesh layers provide sheet resistivities as  losses in the feed lines also impact it. The low conductivity of
little as 0.18 Q o~* [133] and result in significantly lower the graphitic film resulted in high resistive losses. The

losses and improved antenna performance. maximum gain is —0.6 dBi at 962 MHz while an ideal half-

wavelength dipole antenna has a theoretical gain of 2.14 dBi.

3.1.1.2 Flexible Graphene Ink Antennas They state that a —1 dBi gain is enough to exceed the 10 m
Due to its high elasticity and mechanical robustness, maximum reading range needed for RFID applications [55].

graphene can be used for flexible antenna applications [136]. In more recent publications, Huang et al. [54, 120] analyzed

CVD graphene would be ideal for this purpose as it can be the properties of flexible transmission lines and various
transferred onto flexible films [37]. To our knowledge, no  antenna designs made of graphene ink-based graphitic films.

flexible antennas based on CVD graphene or EG grown on  They found that repeated bending of a transmission line had
bulk SiC or SiC/Si have been realized to date. Nevertheless, little effect on its transmission properties (see figure 11(g)).

these antennas would still suffer from the issues introduced in  Analysis of a CPW fed slot antenna made using the same
3.1.1.1. Instead, conductive graphene inks have established graphitic film showed that the antenna’s gain, resonance
themselves along with metal nanoparticles, conductive frequency, and radiation pattern were not sensitive to various
polymers, and liquid metals [137] as an alternative for flexible  bending angles. They only resulted in slight variations (see
antenna applications [54-56, 59, 60, 78, 80, 113, 120-123]. figure 11(e, f)). The unbent antenna showed good impedance
Huang et al. [55] used commercially available binder-free  matching with the reflection coefficient |S,,| having two
graphene ink (Gra-ink 102E from BGT Materials Ltd) to resonances at 1.97 GHz and 3.26 GHz with a —18.7 dB and
fabricate a flexible antenna. Simply depositing and dryingthe  —19.2 dB reflection loss, respectively [54]. They suggested
graphene ink resulted in a graphitic film with low conductivity  that flexible graphitic film-based antennas are a viable option

due to its roughness and high contact resistance between the  for wearable applications.
graphene flakes. Applying rolling compression to the film Song et al. [59] deposited graphene ink on
resulted in improved conductivity. At a compression ratio of  polytetrafluoroethylene (PTFE) substrate to form graphitic
19 %, which refers to the thickness of the compressed layer films with conductivities as high as 10°Sm™. They
compared to the uncompressed one, the conductivity fapricated a flexible microstrip antenna array with it. A
increased by a factor of > 50 x from 8.3 X 10°Sm™ to comparison of the reflection coefficient between the
4.3 x 10* Sm™". Adhesion, which is a general problem for fabricated graphitic film and a copper antenna array of equal
binder-free graphene inks [55], also improved after the proportions demonstrated that the graphitic film antenna
compression. Figure 10 shows a schematic representation of  exhibited a slight resonance shift to higher frequencies, i.e.,
creating compressed graphitic films from graphene ink. SEM  from 2.46 GHz for the graphitic film to 2.44 GHz for the
images confirmed a much smoother and denser surface where  copper antenna. Moreover, it had a significantly lower return
loss with —40.28 dB compared to —33 dB at their respective
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Figure 11. Flexible complementary dipole antenna made of binder-free graphene ink-based graphitic film. (a-d) Antenna

under different bending radii: (a) un-bend, (b) bend with 5 cm, (c) 3.5 cm, and (d) 2.5 cm radius. (e, f)) Measurement results

of graphitic film antenna for different bend scenarios (a-d) (e) Reflection coefficient and realized gain, (f) 1.97 GHz radiation

patterns. (g) Transmission performance of (a) un-bent, (b) bent, and (c,d) twisted transmission line made out of the graphitic

film. [54] © 2018, CC BY 4.0. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
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Figure 12. Antenna array made of a graphitic film called graphene-based film (GBF) in the reference. (a) Graphitic film-
based patch antenna array on FR-4 PCB material. (b) Comparison of the reflection coefficients of the simulated and measured
graphitic film and copper antennas. © 2017 IEEE. Reprinted, with permission, from [59]

resonances. The bandwidth increased from 80 MHz for the the graphitic film has a density of only 1.8 g cm™3, which is
copper antenna to 120 MHz for the graphitic film antenna. < 25 % of that of copper (8.8 g cm™3). The robustness of the
Both antennas exhibited a similar radiation patterns in the film was demonstrated by exposing a strip of the graphitic film
elevation plane with a maximum gain of 6.78 dB for the to 1 000 bending cycles and then comparing its performance
graphitic film and 7.11 dB for the copper antenna. to that of a copper film. While the resistance of the graphitic
Zu et al. [113] developed a circularly polarized antenna for ~ film strip remained unchanged, the copper strip broke after 28
wearable applications based on a highly conductive graphitic  cycles.
film (CGF). It is very similar to the graphitic film introduced Their circularly polarized antenna was a monopole patch
in  [59] but instead uses flexible polydimethylsiloxane that was supported by a foam block over a 3 x 3 artificial
(PDMS) as the substrate. The films have metal-like magnetic conductor (AMC) array (see figure 13(a)). Right-
conductivitiesashighas 1.13 x 106 S m~1. They stressed that  hand circular polarization (RHCP) was achieved by setting the
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of the monopole patch and (d) the AMC array unit cell. (€) Comparison of the robustness of CGF and copper film using bending

test. (f, g) Comparison of simulated and measured realized gain and axial ratio. © 2020 IEEE. Reprinted, with permission, from
[113]
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Figure 14. Flexible graphitic film-based antenna for human motion detection. With flexible antenna attached to (a, b) back
of the hand, or (c, d) wrist, in either (a, ¢) relaxed, or (b, d) bent state. (¢) Normalized frequency variation comparison for both

configurations. Reprinted with permission from [80]. Copyright 2020 American Chemical Society. Further permissions related
to the material should be directed to the American Chemical Society.

reflection phases of the AMC array in the x-direction and y-
direction to 90 ° and —90 °, respectively. The antenna was
designed for an operating frequency of 5.8 GHz. Simulations
of the antenna design indicated that the antenna had a radiation
efficiency that was greater than 70 % both on and off the
body. Furthermore, the specific absorption rate (SAR), which
indicates the rate at which a body absorbs EM energy, of the
antenna complied with international standards set by the FCC
and ICNIRP. Experimental measurements of the antenna
agreed with the simulated results quite well. The antenna was
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well-matched to its source, with the reflection coefficient
being < —10 dB within the frequency range of 5.6 — 6 GHz.
The co-pol RHCP gain was 20 dB higher compared to the
cross-pol left-hand circular polarisation (LHCP) value. Thus,
good polarization isolation was attained. The realized gain of
the antenna is 5 — 6.1 dBic within the frequency range of
5.75 —5.83 GHz.  Unfortunately, —measured radiation
efficiency results were not reported.
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Table 1. Comparison of microwave antenna implementations
Technology Design Operation Conductivity/ Return Gain Ref.
Frequency Sheet Resistance  Loss
[GHZz] [dB]
Copper on acryl Patch antenna (36 mm X 40 mm) 2.45 0.020071 —12.5 4.75dB [133]
CVD SLG on Tunable folded slot antenna 8.8,11.4 - —-12.2, - [124]
SiO./Si (9.5 mm X 2.9 mm) -13.4
Gold on quartz Dipole antenna 9.5 41x107Sm™t =20 52dBi [71]
(10.7 mm)
Multilayer film Transparent patch antenna 2.45 252001 -84 —4.23dB [133]
IZTO/AQ/IZTO (36 mm X 40 mm)
Copper mesh on Transparent patch antenna 2.45 0.180071 —14.5 2.63dB [133]
acryl (36 mm X 40 mm)
SOCI; doped CVD  Transparent wide planar antenna 4 180071t —40 —1dBi [31]
MLG on quartz (75 mm X 25 mm) (3.5 GHz BW) (avg.)
ITO on glass Transparent patch antenna 5.725-5.850 7Qo7t <—-10 —-6dBi [132]
(12 mm X 8.85 mm) with
frequency selective surface
CVD graphene on Transparent dipole antenna 21.6 4%x10°Sm™ -11 6.2dBi  [71]
quartz (10.7 mm) (750 Q071)
Ag-nanoparticle Flexible Z-shaped microstrip patch 0.9, 2.4 - —16.45, 16.74, [138]
ink on PET antenna (34 mm X 25 mm) —26  16.24 dBi
Graphene ink on Flexible half-wavelength dipole 0.96 43x10*Sm™t -11.6 —0.6dBi [55]
paper antenna (112MHzBW) (3.8Q0™Y)
(68.82 mm)
Copper film on Flexible microstrip array antenna 2.44 - -33 7.11dB [59]
PTFE (2 x2) (80 MHz BW)
Graphene ink on Flexible microstrip array antenna 2.46 1x105Sm™t —40.28 6.78dB [59]
PTFE (2x2) (120 MHz BW)
Copper on Flexible hybrid shaped patch 3.5,6.7,12 - >1.69 1.69dBi [139]
polyimide antenna (30.4mm X 38mm)
Graphene ink on Flexible circularly polarized patch 5.8 1.13 -37.5 6 dBic [113]
PDMS antenna (13.9 mm x 14 mm) over (1.4 GHz BW) x 106 Sm™1!
AMC
Copper on Diode reconfigurable circularly 1.65 - <—10 13dBic [140]
RT/Duroid 5880 or  polarized antenna array (1 x 4) (350 MHz BW)
Wangling Ltd. over AMC
Copper on Teflon Tunable slot antenna (25 mm X 2.83-6 - <-10 -1.7dBi [78]
(Graphene assisted) 15 mm) with graphene ink
extension
Copper on PCB Tunable patch antenna with biased 5.05, 4.5 < 100— <—-20 238dB [79]
(Graphene assisted) graphene ink stub >1000Q0?!
Copper on PCB Beam steering (£ 16 °) phased 4.5 580 —-20 3.3dB (V- [128]
(Graphene assisted) array with biased CVD graphene —-250000t bias = 0.7
phase shifter V)
Copper on PCB Beam steering (90 °, 270°) dual 30 - <—-10 3.8dBi [141]

(Graphene assisted) Vivaldi printed antenna with biased
graphene nanoplate resistors

Tang et al. [122] investigated the sensitivity of graphitic
film-based patch antennas and their behavior under bending
conditions. Here, the sensitivity is defined as S = (Af/fy)/
A&, where Af is the frequency deviation in the bent state from
the resonant frequency at rest f; and is defined as Af = f —
fo and & = (+)h/2r is the bending strain, which is dependent
on the thickness h of the substrate and the bending radius r.
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Similar to previous findings, bending the antenna resulted in a
shift of the antenna’s resonance frequency. The resonance
frequency decreased as the bending angle increased. Their
experimental results matched their simulations well. More
importantly, an evaluation of the antenna’s sensitivity showed
the designed antenna had a sensitivity of 9.8, which is higher
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Figure 16. Graphene-assisted antenna design. A graphene-based capacitor coupled phase shifter is used for phase
modulation. (a) Schematic representation of the proposed antenna. (b) Comparison of simulated and measured far-field
radiation patterns in the azimuth plane of the antenna under (blue) 0.7 V and (red) 5V biasing and the respective surface
resistances of graphene. © 2020 IEEE. Reprinted, with permission, from [128]

than that of a comparable copper antenna with a sensitivity of
5.39.

In a later study, Zhang et al. [80] increased the sensitivity
of graphitic film-based antennas to 35.6 using a poly-based
substrate and a smaller antenna design. Their results show the
possibility for graphitic film-based antenna applications in
human health or motion detection, as illustrated in figure 14.
Whether the variation of the antenna parameters due to
bending is beneficial or not is dependent on the specific
application. Nonetheless, there are a number of applications
for which a change in performance because of bending is not
acceptable. Thus, a separate tuning technique would be
required. For example, Chen et al. [78] designed a metal
microwave slot antenna tuned using a graphene ink patch
simply placed at one end of the metallic slot. The graphene ink
was made of a mixture of commercially purchased graphene
flakes and GO, where the GO acted as a binder in the ink
solution. Application of a DC voltage to the two ends of the
graphene ink patch resulted in a reduction of the GO due to
the removal of oxygenated functional groups and led to a
reduction of the resistance of the graphene ink patch [78]. This
change caused a variation of the equivalent length of the slot
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and, with it, a resonance shift. While the approach was not
demonstrated on flexible antennas, the use of GO inks for
flexible antennas has been demonstrated previously in [121].

Owning to the possibility of depositing thicker layers of
graphene ink, the introduction of rolling compression, and the
use of binder-free graphene inks, graphitic films with metal-
like conductivities can be fabricated. These techniques could
resolve the issue of high impedance dominating EG
microwave antennas. Graphitic films are particularly well-
suited for lightweight, flexible, wearable antenna applications
due to their superior robustness when compared to metallic
films. Moreover, they are low-cost and readily available.
Further improvements in the composition of graphene ink
could further improve the current issues as well as its adhesion
properties to various materials.

3.1.1.3 Graphene-Assisted Tunable Antennas

As was introduced in Sec. 3.1.1.2 using the example from
[78], metallic antennas can be designed to exhibit dynamic
tunability by linking them with graphene or graphene-derived
devices. These antenna designs are sometimes called
graphene-metal-hybrid antennas. Various metallic antennas
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that have been combined with patches made of either graphene
flakes [78, 79, 141] or CVD graphene [125], or CVD
graphene-based capacitors [127, 129] have been
demonstrated.

Yasir et al. [79] connected the metallic patch antenna to a
stub using a graphene flake-based patch and varied the current
that flowed through it by applying a voltage to the patch. The
resonance frequency shifted from 5.05 GHz in the unbiased
state to 4.5 GHz with 5 V applied to patch as shown in figure
15.

Wang et al. [128] realized a beam-direction reconfigurable
antenna array using a CVD graphene capacitor-based
reflective phase-shifter. Phase shifters are commonly
employed in phased arrays to steer the beams they radiate. The
prototype array consisted of two metallic radiating patches and
a planar microstrip feeding network separated by two
dielectric layers. A slotted ground plane was sandwiched
between the two dielectric layers and was used to exploit an
aperture-coupling technique. One microstrip feedline is
directly connected to a radiating patch following a power
divider, while the other passes through the reflective phase
shifter. The graphene-based phase shifter consists of a
traditional metallic analog phase shifter linked with a CVD
graphene-based capacitor that is placed on one of the
termination circuit arms. Application of a bias voltage to the
graphene capacitor changes its capacitance, which results in a
change in the reactance of the termination circuit of the phase
shifter. Consequently, a phase shift in the feeding line occurs.
Applying 0.7 V and 5.0 V bias voltages to the graphene-based
capacitor changed the main beam direction in the azimuth
plane from 16 ° to —16 °, see figure 16.

Phased arrays are a common engineering electromagnetics
research area, and they find regular application in numerous
communication and defense applications [87]. Ferrite
elements are commonly used as phase shifters in the
microwave range [87]. The radiation pattern and polarization
of microwave antennas are readily reconfigured, for instance,
using RF switches such as MEMS [142] or diodes [140, 143].
These approaches have been designed while striving to
maintain relatively high radiation efficiencies [143]. A
comparison of several graphene and non-graphene-based
microwave antennas is given in table 1.

Using graphene ink or graphene-based devices for
microwave antenna reconfiguration, e.g., as an RF switch or
phase shifter, has not yet received much attention. It would
require some extensive research. In particular, their cost,
manufacturability, and most importantly, their influence on
the radiation efficiency needs to be determined.

The use of metal in conjunction with graphene, e.g., at
graphene metal contacts for biasing or feeding the EM wave
emitters, has previously shown to result in large contact
resistances [144]. This has been identified as an issue,
particularly in GFET applications, as it hinders the
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achievement of significant gain values [145, 146], and
reducing the contact resistance can significantly improve their
performance [146]. This can be achieved in various ways, with
the most prominent one being the use of high work-function
metals, i.e., nickel [144, 147] or platinum [146], and the use
of edge contacts [144, 147]. Jiang et al. [147] managed to
reduce the contact resistance down to 4 — 8 Q um using nickel
and edge contacts.

The effect of metal contacts in antenna applications has not
been studied to date. However, they have been previously
shown to reduce the transmission properties of graphene-
loaded transmission lines [148]. The contact resistance is
proportional to the contact dimensions, which could pose an
issue in the THz region. However, it is generally not
considered.

3.1.2 Terahertz Antennas

Metals used in microwave antennas suffer from a
degradation of their conductivity and a reduction of the skin
depth in them at frequencies in the THz range. The former can
lead to low radiation efficiencies, while the latter causes high
propagation losses [17, 149]. Graphene is commonly
envisioned to help overcome these challenges and enable
wireless communication at the nanoscale.

The EM wavelength reduction associated with SPPs in the
THz frequency range permits designing graphene antennas
with a significant size advantage compared to metallic ones
[24, 150]. This is another main reason why the main focus in
graphene research regarding antennas lies in the THz range.
Graphene’s dynamic tunability can be used to reconfigure
several antenna properties. These include the resonance
frequency [17, 24, 114], directivity [85, 149], and radiation
pattern [85, 116]. All simulation models of THz antennas have
been based on the Drude conductivity model introduced in 2.2.
Researchers mainly focus on three types of antennas when
designing graphene-based antennas to generate THz EM
fields: resonant antennas, Yagi-Uda, and leaky wave antennas.
Their working principles are quite different and thus need to
be considered separately.

3.1.2.1 THz Resonant Antennas

The main graphene-based resonant antenna concepts used
by researcher to date have been dipole [24, 33, 115, 151, 152],
patch [114, 115, 150, 153-157], and bowtie [158] antennas.
They are generally easy to design and fabricate due to their
planar designs. Tunability in simulations is achieved by
varying the chemical potential within graphene’s conductivity
model. Given the variations in the actual properties of a
realistic graphene component, it is crucial that researchers use
conservative values that can realistically be achieved using
common biasing concepts. For unbiased graphene, the
chemical potential of yu. = 0 — 0.2 eV and a relaxation time of
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Reprinted from [24], with the permission of AIP Publishing.
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Figure 18. 50 Q capacitively-coupled graphene patch antenna on a glass substrate. (a) Schematic diagram of the antenna
including a polysilicon pad for biasing. (b) Antenna’s frequency dependant input impedance. (c) Antenna’s radiation and total
efficiency. Reprinted with permission from [114]. Copyright 2018 John Wiley and Sons.

T =0.5—1ps are often chosen because they give a good Tamagnone et al. [24] designed a plasmonic dipole antenna
representation of real graphene [17, 20, 24]. using a two-layer graphene stack. Due to the already noted

At the same time, the methods intended for manufacturing  high input impedance of graphene antennas, they can be easily
and controlling the device, including any biasing structures, matched to THz photomixers. This was considered in their
must be considered in a realistic design. A critical design shown in figure 17. Although no information about the
consideration in designing graphene THz antennas is their photomixer implementation was given, it could have been
high input impedance resulting from their very small easily fabricated using CVD graphene. It was demonstrated
thickness. Researchers suggest combining antennas with that increasing the chemical potential resulted in a higher
photomixers to realize Thz emissions [24, 149, 151]. This conductivity and thus positively affected the radiation
approach is one of many so-called photoconductive antennas  efficiency owing to the antennas becoming electrically larger
(PCA). A PCA requires a femtosecond laser as its source. The  at resonance. The total efficiency, including the photomixer,
laser beam is directed onto a photoconductive material. The was 0.25 — 3.2 %. The authors state that comparable metallic
relaxation times of the photo-currents induced in this material ~ implementations achieve total efficiencies of ~20 % but lack
and, hence, the conductive regions connected to it occur in the  tunability, are generally narrowband, and are roughly 20 x
THz regime. larger.
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Figure 19. Equivalent circuit modeling of the graphene-based bowtie antenna. (a) Schematic representation of the
photomixer-excited bowtie antenna on a quartz substrate. (b) Equivalent circuit of graphene bowtie antenna resulting from the
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The high input impedance of graphene antennas is often
seen as a drawback as many RF sources are currently designed
with an output impedance of 50 Q. Goyal and Vishwakarma
[114] designed a graphene-based patch antenna on a SiO;
substrate that was capacitively coupled to a waveguide via a
gap between the graphene patches, as shown in figure 18. By
optimizing the gap width G, the patch antenna input
impedance was set to 50 Q. Polysilicon was used to bias the
graphene patch and to achieve tunability. Previous simulations
had shown that the polysilicon layer does not affect antenna
performance characteristics [114]. Because of their specific
setup, the antenna was narrowband, i.e., the graphene has an
inductive reactance at THz frequencies, and the coupling gap
G produced a capacitive reactance. The antenna resonance
frequency was tuned within 959.39 — 1028.03 GHz by
variying the chemical potential between 0 — 0.45eV.
However, the obtained tunability was rather low. The antenna
was compared to a copper one with equal dimensions. The
graphene antenna resonated at 1.0193 THz; has directivity
and gain of 6.82 dB and 5.08 dB, respectively, and radiation
efficiency of 66.72 %. The copper antenna resonatees at
1.0541 THz; it had a directivity and gain of 6.92 dB and
6.05 dB, respectively, and a radiation efficiency of 82.67 %.
As expected, the graphene antenna resonated at a lower
frequency than the copper antenna, although the difference is
small. The differences in gain and radiation efficiency were
expected and caused by graphene’s high reactance.

A similar comparison of the resonance frequency of a
graphene and copper antenna was given by Dash and Patnaik
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in [156]. They designed a circular off-center fed planar
graphene antenna on a Si substrate with a metallic backplane.
The design was well matched to a 50 Q input impedance, and
biasing was envisioned to be implemented via the backplane.
Very high voltages would be needed due to the thickness of
the substrate. The graphene antenna design resonated at
0.75THz with a ultra-wideband (UWB) impedance
bandwidth of 370 % (=~ 2.8 THz). The SPP wavelength at
resonance was 10 x smaller than the free-space wavelength.
A comparable copper antenna resonated at 1.25 THz and is
narrowband with a 2 % (= 0.2 THz) bandwidth.

Dash and Patnaik [17] also compared the resonance
frequencies of graphene, CNT, and copper-based dipole
antennas with equal dimensions. The antennas were designed
with a length of L =71 um on top of SiO; substrate. The
graphene, CNT, and copper antennas had resonance
frequencies of 0.81, 1.42, and 1.9 THz, as well as directivities
of 4.5, 3.5, and 2.2 dBi, respectively. The difference in
resonance frequency of the graphene-based implementation
and its metallic counterpart is much larger in [17, 156] when
compared to the value in [114]. Nevertheless, all cases verified
the possibility of antenna miniaturization

Bowtie antennas are a planar variant of biconical antennas
and generally consist of triangular radiating patches that
permit wideband operation [87]. Zhang designed a graphene-
based bowtie antenna in [158]. Two quasi-triangular graphene
patches were placed on a quartz substrate, as illustrated in
figure 19(a). It was envisioned to be excited by a photomixer
for optimal matching.
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Figure 20. Graphene-metal hybrid antenna. (a) 4 x 4 antenna array based on gold dipole antennas structured on top of
graphene on a SiO,/Si substrate. (b-c) The radiation pattern of the array if (b) all antennas in the 4 x 4 array operate in their
‘On’ states, and (c) the first and fourth row of antennas are in their ‘Off> states, and the remaining ones are in their ‘On’ States.
Reprinted from [116], with the permission of AIP Publishing.

The antenna was initially modeled using full-wave their fields were individually turned ‘On’ or ‘Off’. However,
simulation tools. Figure 19(c) shows the resonance frequency it is not clear how graphene was biased. Instead, typical
shifts when the chemical potential of graphene varies. While resistivity values for graphene for the two states were
the bandwidth was not affected, it is clear that the graphene- assumed. The 120 um long dipoles resonated at f,. =
based bowtie antenna model is narrowband. It had a —10 dB  1.05 THz and had a directivity of 2.72 dBi in their ‘On’ states
bandwidth of < 10 %. The currents predominantly propagate when electrostatic biasing was applied, and —43 dBi in their
towards the source owing to the antenna dimensions and the “Off’ states when it was not applied. They demonstrated a
dielectric behavior of graphene at low values of chemical radiation efficiency of 95.80 % and an antenna efficiency of
potential [158]. 89.14 %. Using a 4 x4 array of dipole antennas and

Since the antenna resonates at a single frequency, it can be  dynamically changing the ‘On’ and ‘Off’ states of individual
modeled using an equivalent, simple RLC circuit (see figure antennas allowed them to vary the directivity and radiation
19(b)). The antenna is treated as a coupled-resonator, and its  pattern of the array, as shown in figure 20.
resonance is determined from its unloaded quality factor Q, In summary, the dynamic reconfigurability of the
and coupled quality factor Q,. This approach was initially resonance frequency and radiation patterns using graphene’s
used for superconducting resonators [158]. The calculated tunability has been demonstrated with graphene-based
values of the RLC equivalent circuit are compared to the resonant THz antennas. They generally operate with much
extracted ones from full-wave simulations in figures 19(d-f). wider bandwidths in comparison to comparable metallic
The results show good impedance matching. implementations, and their use of SPP resonances facilitate

Single element antennas generally offer wide, fixed them being significantly electrically smaller, up to 20 x
radiation patterns with low directivity [130]. However, there smaller. However, their radiation efficiencies suffer from SPP
are many applications that require reconfigurable radiation dispersion losses. Operating resonant graphene THz antennas
patterns and high directivity. A simple way to attain these outside of the SPP range could improve the antenna
properties is to use an antenna array. The radiation pattern of performance but at the cost of reconfigurability and size, as
an antenna array can be controlled by the geometrical layout suggested in [101]. Moreover, because of the high surface
and spacings of the individual antenna elements, as well as impedance of graphene, the antennas need to be designed
their amplitudes and phases [130]. carefully to be matched to 50 Q sources. Alternatively, high

To the best of our knowledge, one of the first considerations  impedance photomixers can be used to significantly simplify
of graphene-based array antennas for radiation pattern the matching process. Nevertheless, this further diminishes the
reconfiguration was reported by Dragoman et al. in [116]. total antenna efficiency as THz photomixers still suffer from
They evaluated the possibility of manipulating the radiation  low conversion efficiencies and low output powers [24, 159].
pattern of a graphene-assisted gold dipole antenna without Table 2 gives an overview of several graphene and non-
using graphene as the main radiating body. In their design, graphene implementations of THz resonant antennas.
graphene covered a SiO/Si substrate, and the gold antennas
were printed on top of the graphene. By varying the chemical 3.1.2.2 Yagi-Uda Antennas
potential of the graphene underneath each dipole antenna,
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Table 2. Comparison of THz resonant antenna implementations

Technology Design Operation Frequency  Return  Directivity (Gain) Radiation Ref.
[THz] Loss Efficiency
[dB] [%]
Metal on various  THz antennas (r = 100 pm) 0.626 — 0.63 —2849to 8.9-—10.1dBi 82.6 [163]
substrate on photonic bandgap based (BWof 2647 — —59.15dB (834 —-9.45dB) —90.6
crystal polyimide 29.79 GHz)
Graphene on GNR patch antenna 0.75 < —35dB 5.71 dBi 86.58  [153]
polyimide (88.98 um X 133.2 um) (5.09 dB)
Graphene on Si Circular planar antenna (r = 0.75 —28dB 5 dBi - [156]
22 um) (2.8 THz BW)
Graphene on Dipole antenna (71 um) 0.81 —39dB 4.5 dBi - [17]
SiO;
Copper on SiO; Capacitive coupled patch 1.0541 - 6.92 dBi 82.67 [114]
antenna (60 pm X 100 pm) (77.43 GHz BW) (6.05 dB)
Copper on Si Circular planar antenna (r = 1.25 —12.5dB - - [156]
22 pm) (0.2 THz BW)
CNT on SiO; Dipole antenna (71 um) 1.42 —25dB 3.5 dBi - [17]
Copper on SiO; Dipole antenna (71 um) 1.9 —20dB 2.2 dBi - [17]
Gold on graphene Switchable gold dipole 1.05 - ‘On’: 2.72 dBi 95.8 [116]
on SiO/Si antenna (120 um) on large ‘Off’: —43 dBi
area graphene
Graphene on Tunable plasmonic dipole 0.8—-1.8 - - 2—20 [24]
Al;O; on GaAs PCA (11 pm X 7 pum) (u, =0—-0.2¢eV)
Graphene on Tunable capacitive coupled 0.96 — 1.03 —24to 6.82 dBi 66.72  [114]
SiO, patch antenna (60 pm X (~80 GHz BW) —39.2dB (5.08 dB)
100 um ) (u, =0—0.45¢V)
Graphene on Tunable bowtie PCA 1.8336 —4.3825 —29.5to - - [158]
quartz (12 um X 5 um) (u,=01-0.6eV) —51dB
ITO on glass Transparent patch antenna 2.15 —32dB 4.97 dBi 79.6 [164]
(95 um X 147 pum) (2.3 THz BW)

Yagi-Uda antennas are a type of low-profile traveling
wave antenna consisting of an excitor, a reflector, and a
director region. A printed PCA version is shown in figure 21.
The excitor is generally an exited dipole antenna. Then the
reflector and directors are also generally dipole elements. The
length of the reflector is slightly larger than the excitor. The
director region consists of an array of same-length uniformly
spaced dipole elements, their lengths being shorter than the
excitor. The coupling between the elements hampers
wideband operation [87]. Yagi-Uda antennas are generally
used in high directivity/gain applications. In contrast to related
frequency-independent log-periodic arrays, the bandwidth is
sacrificed to achieve the higher gains.

Graphene-based Yagi-Uda antennas [85, 117, 149, 160-
162] are a common research topic for various high-gain
applications. The main focus herein lies in the THz frequency
range where the plasmonic effects occur, and dynamic
tunability is facilitated.

Nissiyah and Madhan [149] designed a graphene-based
Yagi-Uda PCA. They initially designed a 1 Thz photomixer-
coupled graphene-based dipole antenna and compared the
emission intensity to a metallic dipole realized with gold. The
improvement of the emission intensity attained by the
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graphene antenna was expected because of the higher mobility
and longer mean free path. The graphene dipole PCA was
further extended to a planar Yagi-Uda PCA by introducing the
reflector and several director patches shown in figure 21(a).
The directivity and gain of the Yagi-Uda PCA were 9.57 dB
and 8.64 dBi respectively. Comparing those values with the
6.77 dB directivity and 4.88 dBi gain of the graphene-based
PCA highlighted the benefit of using a Yagi-Uga antenna
design. The emission spectrum of the Yagi-Uda antenna shifts
towards lower frequencies and is narrower, as figure 21(b)
indicates.

Hai-Qiang et al. [85] extended the use of Yagi-Uda
antennas to an array of them. Three graphene-based director
regions with an angular spacing of 60 ° were coupled to one
metal radiating patch to form three Yagi-Uda antennas.
Biasing each graphene director array changes the director
dipoles’ conductivity and enables or disables the emission in
a particular direction. Figure 22 shows this system and
illustrates how individual director arrays or neighboring ones
are enabled, resulting in reconfigurable radiation patterns.

Luo et al. [117] used a similar approach and extended it to
cover a full 360 °, in 60 ° increments. Six Yagi-Uda arrays
were realized in a hexagonal arrangement with six pairs of
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Figure 21. Graphene-based Yagi-Uda photoconductive antenna. (a) Schematic representation of graphene-based Yagi-Uda
antenna on a GaAs substrate. (b) Comparison of emission intensity of graphene and gold dipole and the graphene-based Yagi-
Uda photoconductive antennas. (c) Comparison of the emission intensities for different biasing conditions (recall that higher
voltage results in higher chemical potential). Reprinted by permission from [149]. Copyright 2018 Springer Nature.
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Figure 22. Graphene-Metal hybrid Yagi-Uda antenna with a reconfigurable radiation pattern. (a) Schematic representation
of its vertical profile, including the biasing structure. (b) Top-view of the antenna showing three 60 ° separated graphene-based
director patch arrays. (c) 3D radiation patterns for five (1-5) operating states: (1) only top antenna, (2) top and middle antennas,
(3) only middle antenna, (4) middle and bottom antennas, and (5) only bottom antenna in operation. (d) Table of antenna

parameters for those five (1-5) operation conditions. © 2015 IEEE. Reprinted, with permission, from [85]

reflectors and directors excited by three driven dipole
elements arranged symmetrically around the point feed with
angular spacings of 60 ° between the arms. The operations of
the reflector and director elements were switched by adjusting
their chemical potentials.

3.1.2.3 Leaky Wave Antennas

LWAs are a type of traveling wave antenna introduced in
1940 [87]. In contrast to resonant antennas, the EM wave is
guided along a specified direction without reflections. Designs
have achieved high directivity, narrow beamwidth radiation
patterns, and broadband frequency responses [86, 88, 101,
109, 165-168]. As noted previously, they also offer frequency-
based and fixed frequency beam scanning capabilities. Their
planar versions are generally easy to fabricate, and they do not
require complex feeding networks [87].
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LWAs are generally classified in terms of their geometric
properties or operating principles. Distinctions are made
between their uniform or periodic guiding structures,
modulating elements, and the number of dimensions of the
guiding structure. Thus, the main LWA types are one-
dimensional (1D) uniform/quasi-uniform, 1D periodic, 2D
uniform/quasi-uniform, and 2D periodic [87].

The most straightforward representation of a 1D LWA is a
slotted rectangular waveguide. It is a uniform LWA because
the guiding structure, the waveguide, is the same (uniform) at
every point along the direction of propagation. The feed point
is placed at one extremity of the waveguide and is terminated
with a matched load at the other end. Thus, the EM wave
propagates in one direction along the structure.

It is a fast-wave system because the EM wave has a phase
velocity greater than the speed of light in the waveguide:
Vph > Cg. The longitudinal wavenumber k =  —ia of EM
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Figure 23. Graphene microstrip-based tunable leaky-wave antenna. The graphene strip is sinusoidally biased to achieve
desired reactance profile. (a) Schematic diagram of the leaky-wave antenna. The conductivity of the graphene strip is modulated
via electrostatic biasing using polysilicon pads below the graphene strip to achieve the emission of leaky modes. (b) Biasing
profile: Dependence of surface reactance on biasing voltage. (c, d) Comparison of the radiation pattern from full-wave
simulation (solid lines) and leaky-wave antenna theory (dashed lines) for different relative permittivity substrate: (c) €, = 3.8
and (d) e, = 1.8. © 2014 IEEE. Reprinted, with permission, from [118]

90

waves traveling in a realistic waveguide is complex due tothe n-th order space harmonic, p being the period of the
radiation losses of the leaky modes and the conduction losses modulations, and k; being the wavenumber of the
in the waveguide walls [87]. The slots in one wall of the fundamental Floguet wave [87]. The overall emanation
waveguide modulate the propagating wave and allow energy  results from the summation of the fields emitted by the
to leak out of the waveguide. The combination of the emitted individual Floquet waves interacting with the periodic
fields have their maximum pointed at an angle in the forward  perturbations. A higher-order space harmonic, often n = —1,
direction in this case, i.e., the direction that the EM wave is s designed to be a radiating fast wave such that —k; < B <
propagating in the waveguide. The accumulation of these ks. The radiation direction can thus be extended into the

r?]dlatlon. .lossesh detegnme'S T ;‘W/?;S perfomtl)anci backward direction as well with the angle of maximum
characteristics. They are directly related to the wavenumber of o vion'reaching - 90 ° < 8. < 490 °.

;h_e trgvelmfg xvave. -In gafr_tllcdular,_t:e angle of tk;]e rgax?y(;n Quasi-uniform LWAs operate similar to uniform ones as
irection of the emitted fields with respect to the broadside ,oir £,nqamental mode is still a fast wave. However, the

direction (_9_= 0°), Wh'c_h IS perpendlgular to ihe waveguide periodic structures that modulate the waveguide create an
face containing the slots, is defined assin(6y,) = B/ko, Where ofiie set of space harmonics. Their period p is generally
k, is the free-space wavenumber. Variation of the beam angle chosen so that only the n = 0 space harmonic radiates.

n th? elevation plane can _be achieved _W'th_'n 0_0 <O < The 2D LWAs consist of guided structures that support
90 °, |.§., between the broadside and end-flre directions. Itcan -\ e that can propagate in more than one direction. With a
be varied because the phase constant B is dependent on the  o-oner gesign of the elements that yield a 2D modulation of
frequency [87]. The effect of using the frequency to steer the o6 ot jts 2D surfaces, they can produce pencil or cone-shaped
maximum direction of the emitted fields is referred 0 as  peamg i the radial direction away from a source in the guiding
frequency scanning. Variation of the attenuation constant &, grcrure [87], A graphene-based 2D LWA example is shown
on the other hand, directly influences the beamwidth. Large  , Fig 25. By varying the periodic nature of the modulations,
values of a result in wide beams, while small ones yield e.g., by varying the chemical potential to change the period p
narrower ones. _ _and, hence, k,,, the main direction of the emitted fields, i.e.,

Periodic modulations of a uniform slow-wave waveguide o main heam direction, can be scanned at a fixed frequency.
(vpn < ¢g) also result in a continuously radiating structure Similar to resonant THz antennas, graphene-based LWAs
creating a fast wave LWA. Because of the periodicity, the  penefit from graphene’s electrical properties at THz
modes of the structure can be described with Floquet theory.  frequencies, especially its tunability. In particular, these

The wavenumber of those in the direction of propagation is  properties facilitate both frequency scanning of the main beam
described by k,, = B, —ia, = k; + 2nn/p, with n being the
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Fig 24. Graphene-based tunable leaky-wave antenna. (a) Schematic diagram of periodically width modulated graphene
waveguide for the emission of leaky modes. (b) Normalized phase constant and surface reactance along the y-axis, the long
direction of the waveguide. (c) Non-sinusoidal profile of the graphene strip width along the y-axis. (d, €) Comparison of the
radiation pattern from full-wave simulation (solid lines) and leaky-wave antenna analytical theory (dashed lines) to visualize
scanning capabilities: (d) frequency scanning of the beam and (e) beam scanning at a fixed frequency f = 1.5 THz. Reprinted

by permission from [86]. © 2013 Optical Society of America.

direction [86, 118] or scanning the main beam (beam
scanning) at a fixed frequency [86, 101].

The first graphene-based LWAs were introduced in [86,
118] by the same research group. Esquius-Morote et al. [118]
used the principle of a sinusoidally modulated reactance
surface for their design, first introduced by Oliner and Hessel
in 1959 [165]. The 1D LWA consisted of a periodically
arranged set of polysilicon pads that created a grating on a
back-metalized SiO, substrate. The fabrication process was
described in detail. A graphene strip is transferred onto the
structure and separated from the polysilicon using the same
oxide. The resulting LWA is shown in figure 23(a). Sinusoidal
modulation of the reactance is achieved using the tuning
ability of graphene’s surface conductivity by sinusoidally
biasing the graphene using the polysilicon gates, as depicted
in figure 23(b). The surface reactance of the graphene strip
along the y-axis is given by X, = X:[1 + Msin(2rny/p) |,
with X! being the average surface reactance, M the modulation
index, and p the period. The reactance X; directly affects the
phase constant g while M determines the attenuation constant
a. These properties can be used for quasi-independent
modulation of the beamwidth and beam angle 6. Tuning the
chemical potential of the graphene in a range of 0 — 0.8 eV
was achieved with a biasing voltage of 45 V, and the period of
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the sinusoidal reactance modulation was changed with the
number of polysilicon pads N. Figure 23(c, d) shows how a
variation of N results in beam scanning at a fixed frequency.
The radiation patterns were calculated using both full-wave
simulations and LWA analytical theory [87]. A radiation
efficiency of about 11 % was achieved, although increased
biasing voltages and improved modulation of the graphene
surface conductivity are expected to result in higher radiation
efficiencies [118].

Gbémez-Diaz et al. [86] also sinusoidally modulated the
reactance of a graphene strip to create a LWA. Instead of
periodically biasing the graphene, its width was periodically
widened and narrowed to modulate the strip’s reactance. The
relation of surface reactance and strip width is non-linear, and
thus the change in width does not follow a sinusoidal relation.
Figure 24(a) shows how a single polysilicon layer underneath
the graphene is used for electrostatic biasing of the whole
graphene strip. Biasing of graphene has a strong influence on
the plasmon-light coupling angle, rate, and efficiency.
Therefore, beam scanning at a fixed frequency is enabled by
dynamically changing the biasing voltage. The LWA also
operates at various frequencies and permits frequency
scanning, as shown in figures 24(d-e).
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Figure 25. Fabry-Pérot cavity-based graphene leaky-wave antenna. (a) Vertical profile, transverse electric network model,
and ABCD-matrix representation of the graphene-based single-layer antenna. (b) Comparison of the radiation patterns
calculated with full-wave simulations and the analytical transverse electric network model of graphene-based single-layer. (c)
Vertical profile, transverse electric network model, and ABCD-matrix representation of the graphene-based double-layer
antenna. (d) Comparison of the radiation patterns calculated with full-wave simulations and the analytical transverse electric
network model of the graphene-based double-layer. © 2017 IEEE. Reprinted, with permission, from [101]

Fuscaldo et al. [101] placed a single graphene sheet inside
a grounded dielectric multilayer stack to form a Fabry-Pérot
cavity (FPC) 2D LWA. The complex wavenumber of the SPPs
and their attenuation constant in graphene depend on its
conductivity. The dispersion losses thus need to be considered
when designing graphene-based tunable structures. It was
reported that the losses increase with the frequency, decrease
with increasing chemical potential p., and decrease with
increasing relaxation time t. The SPP dispersion losses
resulted in low radiation efficiencies. Hence, ordinary (nhon-
plasmonic) propagating leaky modes were excited. Two
separate graphene-based 1-THz FPC-LWA were designed —a
graphene-based single layer (GSL) and a double layer (GDL)
antenna. Here the terms ‘single’ and ‘double’ refer to the
number of dielectric layers with the graphene layer being
placed on top of the dielectric in the GSL antenna and
sandwiched between the dielectric layers in the GDL antenna.
The top dielectric layer of the GDL acts as a dielectric
superstate (e, > €;). Both antenna designs incorporate a
polymer sheet, i.e., PEDOT, for biasing. The configurations of
the two systems are shown in figure 25. Simulation of the
transverse electric (TE) and TM leaky modes in the E-plane
and H-plane, respectively, were performed using the
reciprocity theorem and transverse electric network (TEN)
model [169], as well as full-wave simulations.

Even though the radiation efficiency of the GSL antenna at
frosL = 0.922THz was REgg, = 70%, it had a low
directivity. Comparing figures 25(b, d), the GDL antenna had
a significantly improved directivity. However, its radiation
efficiency was strongly dependent on the thickness of the
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lower dielectric; it can be tuned in favor of either a maximum
directivity or efficiency, the latter having a theoretical limit of
REgp1 < 95 %. Both surpass the upper limits of the SPP-
based antenna designs. Further, high efficiencies come at the
cost of reconfigurability, and a sensible decision between
directivity, efficiency, and tunability must be made [101].
Graphene LWAs based on metasurfaces are commonly
considered. These metasurfaces generally are developed with
unit cells having graphene patch inclusions. Soleimani and
Oraizi [88] proposed the use of complementary graphene
patch (CGP) cells instead. The properties of square unit cells
made up of a regular graphene patch and a CGP were
compared by evaluating the corresponding dispersion
relations of the TM modes. They were computed using the
transverse resonance equation (TRE) and equivalent circuit
models [88, 170]. Figure 26(b) depicts the equivalent circuit
model of the CGP shown in figure 26(a). The vertical profiles
of the individual unit cells in both cases were identical, with
graphene being placed on top of a metal-backed dielectric
substrate (SiO) and a polysilicon biasing pad within it. The
unit cells had the side length D. The variable g in the graphene
patch unit cell represents the total gap width between the edges
of the unit cell and the graphene patch. In the CGP unit cell, g
is the width of the square cut-out in the graphene. Their g/D
ratios are directly related to their individual surface
impedances. Figures 26(c, d) show the dependence of the
imaginary part of the surface impedance on the g/D ratio of
each unit cell. As the propagation of TM surface modes
requires a positive imaginary impedance, the SPPs within the
graphene patch unit cell are only supported within a small
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Figure 26. Complementary graphene patch metasurface-based leaky-wave antenna. (a-b) (a) Complementary graphene patch
unit cell. (b) Equivalent circuit model. (c) Vertical profile of the unit cell. (d) Metasurface-based leaky-wave antenna with edge
feeding. (e) Dependence of the surface reactance of a regular graphene patch-based unit cell on g/D ratio for various chemical
potentials between u. = 0.3 — 0.7 eV. (f) Dependence of the surface reactance of a complementary graphene patch-based unit
cell on the g/D ratio for various chemical potentials between u. = 0.3 — 0.7 eV using full-wave numerical simulation (solid
line) and the equivalent circuit model (dashed line). (g) Radiation pattern in the ¢ = 45 ° direction in the elevation plane
depending on the chemical potential between p. = 0.4 — 0.65 eV. [88] © IOP Publishing. Reproduced with permission. All
rights reserved.
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range of g/D that gets even smaller with increasing chemical diodes [171] or MEMS [177], are commonly used to achieve
potential. The CGP unit cell supports TM surface waves reconfigurability.
regardless of the g/D ratio because the surface impedance is In summary, the development of graphene-based LWAS
always positive imaginary. has focused on the THz frequency band to take advantage of
The CGP unit cell was also extended to create a beingable to dynamically tune their properties. Their radiation
holographic 2D LWA [88]. The antenna was edge fed and efficiencies are comparatively low, which has been expected
designed for an operating frequency of f, = 2 THz and for the owing to their SPP dispersion losses. Operation outside of the
maximum radiation direction (8, ¢) = (45°,45°). Figure SPP region could increase their efficiencies but would
26(e) shows the final antenna design with individual, sacrifice their reconfigurability. Alternatively, power
differently sized unit cells located periodically away from the recycling approaches could be employed to boost their
feed point. Its simulated patterns indicated the maximum efficiencies [178]. Reconfiguration is commonly achieved by
radiation direction was (6, ¢) = (53 °,45 ©) with a directivity ~electrostatic biasing of the graphene. Single voltage biasing
of about 13.5 dBi and a radiation efficiency of 20 %. The high ~ architectures have been demonstrated that significantly
input impedance of the LWA was optimal for matching with ~ simplify their manufacturability and design process.
a photomixer. Application of a single biasing voltage allowed Although graphene has proven to be an excellent material
tuning the chemical potential of the antenna within a range of ~ for realizing LWASs, researchers continue to improve on the
0.4 — 0.65 eV, which enabled beam scanning in the elevation ~ existing designs and develop new ways of utilizing graphene
plane within 43° < 6 < 73 °. to its full potential. For example, metal-graphene hybrid
LWAs are highly suitable for CMOS integration [171]. LWAs [109] are an excellent example of combining existing
Most non-graphene implementations focus on the microwave —implementations with graphene to enhance their operation and
frequency range [171-174], with fewer implementations achieve  tunability. ~ While  many  non-graphene
exploring the THz range [171, 174-176]. The main focus has implementations of LWAs have already been tested and their
been in the development of highly efficient, high directivity, ~operation experimentally verified even in the THz frequency
and wide scan angle implementations for communication range, experimental validation of graphene-based ones is still
applications. As such, much interest has been in the missing to the best of our knowledge. Table 3 gives an
reconfiguration of their polarization [173], beam scanning Overview of several graphene and non-graphene-based
[172], and multiplexing [175, 176]. RF switches, such as traveling-wave antenna implementations.
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Table 3. Comparison of THz traveling-wave antenna implementations

Technology Design Operation  Steering/ Scanning Directivity Radiation Ref.
Frequency range (Gain)  Efficiency
[THz] [%]
Metal on GaAs Yagi-Uda PCA on low 0.636 - 10.8 dBi 80.1 [181]
temperature grown GaAs
Graphene on GaAs Graphene-based Yagi-Uda PCA 1 - 9.57 dBi - [149]
(8.64 dB)
Au/Ti on glass Double sided planar quasi Yagi- 2 - (4.97 dB) ~95 [182]
Uda antenna with complementary
dipole excitor
Graphene-copper Beam steering three armed Yagi- 0.5 +50°,+30°0° (6.8 — >91 [85]
hybrid on SiO,/Si Uda antenna with graphene 7.79 dB)
directors
Graphene-metal Beam steering three-layer multi-  1.136 360 °in 60 °steps 5.7 - [117]
hybrid on polyimide beam Yagi-Uda antenna with —1.220 —6.5dB
graphene dipoles
Graphene on Beam scanning LWA through N- 2 —45.4°1t037.5° - 11 [118]
SiOy/poly-Si periodic modulation of graphene (forN =6-9)
Graphene on Frequency and beam scanning 1.3 —1.7 ~—40°to30° for - 5-20 [86]
SiO2/poly-Si LWA via width modulated fo =13—-1.7THz
graphene ~—30°to 20 ° for
Ue=0.6—1eV
Graphene on Beam steering CGP metasurface 2 43°—73° for 13.5 dBi 20 [88]
SiOy/poly-Si 2D LWA with Ue = 0.4-0.65eV
Metal on indium Frequency scanning periodic 0.23 —46°t0 42 ° for 11 dBi 60 [174]
phosphide/Si microstrip line LWA —0.33 fo =
0.23 —0.33 THz
Dielectric slab Frequency scanning multilayer  0.1575 —23°1t038° for (10.5 - > 60 [183]
R0O6010/ RT/duroid dielectric slap with periodic —0.2015 fo = 0.1575 15 dBi)
5880 /alumina metallic discs — 0.2015 THz

3.1.3 Graphene Antennas on SiC

Graphene antennas have only been experimentally
characterized to date using CVD graphene or graphene ink.
Similarly, simulations usually only consider quartz, SiO,, or
Si substrates. However, SiC is of particular interest in high-
power and high-temperature applications [179] and has
recently demonstrated a high level of biocompatibility [180].

Semi-insulating SiC offers a high dielectric constant (e, =
9.7), low conductivity (o = 1075Sm™1), and low loss
tangent (tan(8) = 107°). It has the potential to facilitate
achieving high antenna efficiency and miniaturization [179].
The latter is strictly dependent on the relative permittivity and
dimensions of a patch antenna which, for example, reduce to
~Ao/5 for a dielectric medium with €, = 10 [87]. However,
this reduction in size comes at the cost of reduced bandwidth
[87].

Over 250 polytypes of SiC exist, but their dielectric
properties in the upper microwave and THz range are
generally not researched due to the lack of available high-
quality samples and of actual issues that SiC could resolve
[184]. Measurements of the loss tangent of bulk 6H-SiC
within the microwave and THz range were conducted. As
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figure 27 indicates, they demonstrated that the possibility of
low dielectric losses exists.

Further research will need to be conducted, particularly on
epitaxial SiC on Si, to investigate the possibility that the direct
growth of epitaxial graphene on SiC/Si [41] could offer an
exciting platform for graphene applications from the
microwave to THz regimes. Being bound to the SiC, the
material properties would need to be understood and
considered in the design of any subsequent graphene-based
devices. This would be particularly true in the Reststrahlen
band of SiC owing to the near-total reflection of EM waves
from it and the surface plasmon-phonon coupling [100, 185].

3.2 Beamforming

Apart from using antenna arrays, beams can be generated
and controlled with metamaterials or metasurfaces. For
instance, a metasurface can be designed to have an incident
EM wave that interacts with its individual unit cells
experience an overall phase and amplitude modulation.
Ideally, the EM wave would experience minimal amplitude
modulation from losses in the unit cells. Moreover, each unit
cell should ideally provide a complete 360 ° phase response
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Figure 27. Experimentally measured values of the loss tangent tan(é) of bulk 6H-SiC at five frequency points and their
curve fit. Reprinted from [184], Copyright 2017, with permission from Elsevier.
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Figure 28. Vortex beam forming reflectarray based on a graphene patch metasurface with dynamic mode control. (a)
Schematic representation of a general reflective surface with N-sectors of varying phase increments. (b) Graphene patch-based
unit cell consisting of a platinum-backed quartz substrate. Gating circuitry is achieved with silicon and alumina dielectric. (c)
Schematic representation of a horn-antenna fed circular reflectarray consisting of eight equal angular sectors. (d) Radiation
pattern and phase front of (top) [ = 1 vortex beam and (bottom) [ = —2 vortex beam. Mode change was achieved employing
electrostatic biasing. © 2016 IEEE. Reprinted, with permission, from [90]

independent of that of the neighboring unit cells [76]. The therefore, need to be considered in the metasurface design.
response further depends on the type of incident wave that The two most common graphene-based metasurfaces that are
excites it, e.g., a plane wave or a point feed. The latter will used to manipulate the shape, direction, and polarization of an
have different phase contributions at different unit cells in the  impinging EM wave are reflectarrays and transmitarrays.
metasurface due to their position relative to the source point.
Various numerical and analytical approaches exist to 3.2.1 Reflectarray Antennas
determine the phase response of individual unit cells and/or Reflectarray antennas are made up of an array of unit cells
the whole metasurface. in which each acts as a reflecting element. They combine the
Graphene allows for dynamic reconfiguration of the simplicity of reflector-based antennas with the versatility of
metasurface properties by changing its Fermi level, which array-type antennas [186]. Further, one of their main
results in a change of its conductivity and, thus, the phase and  advantages when compared to phased arrays, for example, is
amplitude response to an impinging EM wave. Electrostatic  that no complex feeding network is necessary. A feed antenna
biasing is the most commonly used technique to control the is used to radiate EM waves onto the reflectarray. The surface
Fermi level. Alternatives, such as optical pumping or chemical impedance of the individual antenna elements determines the
doping, are rarely considered. Biasing individual unit cellscan amplitude and phase change response at each particular
result in highly complex biasing circuitry. Their physical element. Reflectarrays are a type of aperture antenna and are
dimensions will influence the modulation approach and, most commonly used in the microwave frequency range [170].
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Figure 29. Reprogrammable graphene patch-based metamirror that focuses the beam it reflects when illuminated with an
incident plane wave at an arbitrary point in space by means of the dynamic phase modulation at individual unit cells. (a)
Schematic representation of a 2-bit FPGA-programmable metasurface with beam focussing and its Fabry-Pérot cavity-like unit
cell that consists of a graphene-HPDE-graphene-silicon-gold stack. (b) Electrostatic biasing-induced change of the chemical
potential of the individual graphene layer within the unit cell. (Ieft) Amplitude and (right) phase modulation depending on the
chemical potentials of top and bottom graphene patches. (c) Off-center beam focusing is achieved by (left) biasing the individual
unit cells using the 2-bit coding. Axis field distributions along (middle) X and (right) Y. [106] © 2019, CC BY 4.0. To view a
copy of this license, visit http://creativecommons.org/licenses/by/4.0/

Metasurface-based reflectarrays would be particularly well  response of the individual unit cells [190]. The modulation
suited in the THz range. Planar metasurfaces are easy to response of the unit cells is also analyzed using equivalent
fabricate at micrometer dimensions due to well-defined circuit models and full-wave simulations. Good agreement
nanofabrication technologies. Combining metasurfaces with  between simulations and experiments has been achieved.
graphene’s dynamic tunability allows for dynamic Chang et al. [90] designed a graphene-based reflectarray
reconfigurability. It can be used for various beam shaping [90, that can be used to create vortex beams. These beams carry
106, 187, 188], scanning [93, 106, 189-193], polarization orbital angular momentum (OAM) because their EM waves
[187, 189], cloaking [194], and many more applications within  spiral around the axis of propagation. A vortex beam is
a wide frequency range from microwave [188, 192, 193], over generated from a horn antenna feed using a reflectarray by
THz [90, 93, 106, 187, 189-191, 194], to the mid-IR [195, splitting its reflective surface into N sectors. Each sector
196]. introduces a phase change between 0 to 27l; a constant phase

The possibilities of graphene-based reflectarray antennas change increment occurs between neighboring sectors as
were first explored by Carrasco et al. [190, 191] and were shown in figure 28(a). The integer [ represents the mode of
compared to comparable metal implementations. Their unit operation and constitutes the number of times the wave spirals
cells were based on simple square patches. It is important to  about the propagation axis per wavelength (called the twist
stress that the patch dimensions have the most significant speed), and its sign indicates the rotation direction. There were
influence on the phase modulation. Because of graphene’s N =8 sectors and modes [ = 0,4+1,+2 were used. This
support of SPPs in the low THz range, resonances can occur  choice led to the phase increments of 0 °, +45 °,+90 °.
in graphene patches whose dimensions match ~A,/24 [191] The design of a metasurface always begins with its unit
or ~A,/10 [190]. Their frequency depends on the properties cells. The graphene patch-based reflector shown in figure
of the graphene used, whereas a gold-based unit cell inclusion  28(b) was simulated using full-wave simulations. Varying the
resonates at ~4,/2. Consequently, significant miniaturisation  patch dimensions and the chemical potential of the graphene
of the unit cell structures can be achieved with graphene. within u. = 0 — 1 eV resulted in a 360 ° phase and amplitude
Moreover, current advancements in nanofabrication mitigate  modulation. Combinations of the patch dimensions and p,
any fabrication drawbacks in the design of graphene-based were selected to match the required phase increments with
metasurfaces. Dynamic tuning of the graphene’s conductivity minimum attenuation and, hence, maximum radiation
using electrostatic biasing results in changes of its surface efficiency. A schematic representation that depicts the
impedance and, hence, the phase and amplitude modulation  different sized graphene patches in the individual sections is
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Figure 30. Experimental evaluation of the phase modulation over a graphene-based metasurface reflectarray intended for
beam scanning. (a) Schematic diagram of the fabricated reflectarray, which was mounted on a printed circuit board. Inset:
Bowtie-based graphene metasurface, including the interconnects for electrostatic biasing of individual columns. (b) The vertical
profile of the reflectarray showing the Si in its biasing structure. (c) Measured results for beam scanning at a fixed frequency
by varying the period of a column’s’On’ and ‘Off” states. (d) Visualization of the column-based period that was used for the
beam scanning results in (c). (¢) Example of the phase modulation by moving the period of the ‘On’ and ‘Off’ states
horizontally, perpendicular to the biasing columns. (f) Measured phase and amplitude of the 4-PSK implementation using the

designed reflectarray. Reprinted with permission from [93].

shown in figure 28(c). Electrostatically biasing these
individual sections allowed the dynamic selection of the
mode, as figure 28(d) illustrates. Since all unit cells within a
section were biased equally, the number of different biasing
voltages equaled the number of sections. This choice
significantly simplified the control network.
Reprogrammable metasurfaces have been designed in
which their individual unit cells are independently controlled
to achieve the desired response to an impinging EM field. One
such design was considered by Hosseininejad et al. in [106].
They developed a metamirror that focused the beam reflected
from it to an arbitrary and reconfigurable point when it was
illuminated with an incident plane wave. The FPC-like unit
cells of the metasurface consisted of two graphene patches
with high-density polyethylene (HDPE) between them on top
of a gold-backed silicon substrate. Two graphene patches were
used to maximize the reflection amplitude and were
independently biased to achieve a broad phase response. The
system and its chemical potential distribution are shown in
figures 29(a, b). Four different chemical potentials were each
2-bit coded to yield four states. They were chosen to achieve
a 90 ° phase separation and an amplitude close to 0.7 to attain
high focussing efficiency within the operating frequency of
1.9 — 2.1 THz [106]. The unit cells and the whole metamirror
were analyzed numerically and analytically. The latter was
based on a transmission line model of the unit cell to
determine its response. The authors mentioned that Fresnel
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diffraction theory could not be applied because of the small
focal-length to lens diameter ratio. Instead, Huygens’
principle was invoked to model small pieces of the excited
surface currents as radiation sources [106, 130]. Figure 29(c)
shows how an off-center beam was focused using the
proposed reflectarray. The reflected beam was elliptical
because the reflectarray could not achieve an off-center
circular beam with its finite size.

Much of the research on utilizing graphene in the THz
frequency range has been focused on humerical and analytical
studies of their designs. One of the first experimentally
demonstrated CVD graphene-based metasurface reflectarray
was reported by Tamagnone et al. in [93]. It is shown in
figures 30(a, b) and was designed to manipulate the phase of
an s-polarized beam that was incident on the metasurface with
an incident angle of 45 °. The beam’s reflection angle was
steered, as shown in figure 30(c). The unit cell consisted of a
gold bowtie antenna chosen for its wideband response and a
SLG patch in its center placed on top of a Salisbury screen
configuration [93, 197]. The operation of the reflectarray was
based on two operating states that require a 180 ° phase
change between each other while maintaining a similar
amplitude modulation. They are termed ‘On’ and ‘Off’; the
‘Off’ state was set to result in total absorption. Biasing was
applied on a column-to-column basis. Their specific biasing
voltages were chosen by considering the surface impedance-
dependent reflection coefficient of the unit cell.




Journal XX (XXXX) XXXXXX

Author et al

The reflectarray was fabricated using nanofabrication
procedures and mounted on a printed circuit board (PCB). It
was characterized using a THz time-domain spectroscopy
(TDS) system. Figures 30(c, d) show how periodically biasing
the individual columns resulted in controlled tunability of the
reflection angle within —5 ° to 20 °. The period profiles were
calculated by interpreting the unit cells as discrete radiators
and determining the interference pattern of their radiated fields
[93]. The reflectarray was further used to demonstrate phase-
shift keying (PSK). Figures 30(e, f) show how a constant
phase change was introduced to the reflected beam while
maintaining the reflection angle by moving the period of the
biasing states along the reflectarray. The radiation efficiency
of the reflectarray was determined to be ~ — 12 dB = 6.3 %,
while the maximum of an ideal system is limited to —8 dB =
15.8 %. Further improving the mobility of graphene and the
biasing network to achieve larger tunability is expected to
increase the overall efficiency.

Most beamforming devices based on graphene are studied
at THz frequencies and above as graphene acts as a variable
resistor in the microwave range, and the lacking reactance
complicates phase control [192]. Nevertheless, dynamically
controllable examples have been demonstrated in [188, 192,
193]. Due to the limited phase control, the graphene-based
unit cells are designed to operate in two states that exhibit a
180° phase change between them, as demonstrated by
Tamagnone et al. While the results seem promising, graphene
still suffers from high ohmic losses at microwave frequencies,
i.e., the reflection amplitude of reflected EM waves of
metasurface designed by Chen et al. [192] is 0.33 while the
structure absorbs the rest.

Non-graphene reflectarray implementations currently focus
on employing metallic or dielectric resonators [76]. The
former are generally supported on low-loss dielectric
materials to reduce losses. Passive implementations as a lens
using aluminum resonators on polypropylene (PP) have
achieved efficiencies of 80% at 350 GHz [198] and
efficiencies of 30 —60% at 0.7, 1.0, and 1.5 THz using
silicon as the dielectric [199]. Reconfiguration has also been
achieved using varactor-diodes [200], MEMS [201], liquid
crystals [202], and more. However, THz implementations are
rare due to the issues discussed in Section 3. Dielectric
resonators have much lower ohmic dissipation and do not
require separation from the ground plane. However,
integration with tunable elements is not trivial [76]. Non-
reconfigurable examples have achieved efficiencies of up to
90 9% at ~480 GHz using Si/SiO, resonators in an all
dielectric metasurface mirror [203].

A current hot topic in the research of reflectarrays is
reconfigurable intelligent surfaces (RIS) [204, 205]. Here, the
phase responses of the reflectarray elements are discretized
and binary coded. However, discretization can significantly
impact the quality of the reflected beam. For example, a two-
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level phase quantization results in diffraction efficiencies
below 50 % [76]. Microprogrammed control units (MCUSs) or
field-programmable gate arrays (FPGAs) can be used to
control the metasurface and, thus, the response of the
reflectarray to an impinging EM wave. The primary RIS
applications have been focused on the microwave frequency
range for 5G communication systems.

In summary, the concept of graphene-based metasurface
reflectarrays shows great potential for dynamic beam steering
and beam shaping applications in the THz frequency range.
First examples of RISs have been demonstrated at microwave
frequencies. However, the biasing of graphene still poses a
technological challenge. Further improvements in efficiency
and biasing concepts are required for practical THz
reflectarray implementations.

3.2.2 Transmitarray Antennas

In contrast to reflectarrays, where an incident EM wave is
modulated and then re-radiated by the metasurface, the
incident EM wave incident on a transmitarray couples with its
metasurface as it passes through it. Their major advantage in
comparison to reflectarrays is avoidance of the feed antenna
and its supporting structures blocking the fields reflected from
its metasurface [186]. However, transmitarrays are more
prone to losses because the incident EM wave must propagate
through a lossy metasurface. Furthermore, multi-layer
structures and polarization converters might be necessary to
achieve the desired phase response [76], which would further
increase the losses.

Researchers have applied graphene-based transmitarrays in
dynamic beamforming applications by modulating the
amplitude [206-208], phase [18, 107, 207], and polarization
[18, 209] of the incident EM fields. Tavakol and Khavasi
[107] designed a meta-coupler based on hybrid metal-
graphene metasurfaces. This meta-coupler is shown in figure
31(a). It captures the incident propagating wave via a
metasurface-based metamaterial and couples it into surface
wave modes in an underlying waveguide. The main challenge
it solved was the efficient coupling of an incident propagating
wave into unidirectional surface waves. The meta-coupler
accomplished this by overcoming the momentum mismatch
between various modes. The meta-coupler operated in two
states set by electrostatic biasing of the graphene and produced
the phase modulation of the wave that was coupled to it.
Depending on its state, the power of the incident field is
transferred to either port of the underlying waveguide. The
coupling between the incident field and the surface waves can
be analyzed using the generalized form of Snells’ law of
refraction [89]. It requires the refraction angle 6, to be
complex to compensate for the momentum mismatch [107].

The unit cell of the transmitarray consisted of a
complementary H-silver film, with a graphene patch in its
cutout, placed on a SiO, substrate. Four layers were stacked
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Figure 31. Meta-coupler based on hybrid metal-graphene metasurfaces. (a) Model of the graphene-based meta-coupler
operating in its state 1. Incident EM fields couple into the metamaterial. Graphene’s tunability is used to modulate the phase of
the incident EM wave and guide it towards the appropriate port. (b) H-complementary metal and graphene patch metasurface
unit cell with silver sidewall for decoupling. (c) Metamaterial supercell stack. (d) Equivalent circuit model of supercell. (e)
Comparison of the amplitude (left) and phase (right) of the supercell derived from full-wave simulations and the equivalent
circuit model depicted in (d). (f) Frequency dependant amplitude (top) and phase (bottom) of the supercell extracted from full-
wave simulations under different biasing conditions between 70 to 626 meV. (g) 3D visualization of the y-component of the
normalized magnetic field distribution for an impinging x-polarized Gaussian beam with the coupler meta-coupler operating in
its state 1. (h) 2D visualization of the y-component of the normalized magnetic field distribution in the xz-plane when the
coupler is operating in state 1 and a x-polarized Gaussian beam is incident upon it. [107] © 2020, CC BY 4.0. To view a copy
of this license, visit http://creativecommons.org/licenses/by/4.0/

and connected using silver walls to reduce the coupling achieved, although at different separation distances. It was
between the individual cells, as illustrated in figures 31(b, ¢). pointed out that higher efficiencies have been achieved in the
In addition, a biasing structure was considered in the design microwave and optical frequency range, yet they are not
by placing polysilicon thin polysilicon rods inside the reconfigurable.
dielectric. A polarization transforming graphene-based metasurface
The graphene-metal interactions dominated the response of ~ was designed by Masyukov et al. [18]. An MLG-dielectric-
the unit cell. The shunt admittance of the unit cell was metal hybrid structure was employed to induce a chiroptical
extracted from full-wave simulations and used in the response, and optical pumping was used for dynamic tuning.
equivalent circuit model. The average transmission was 89 % MLG was used instead of SLG because it provides stronger
for a chemical potential of 50 — 700 meV. A phase shift of interaction with the optical pumping. The individual unit cells
~70° was achieved. The separation distance between the were formed with dimensionally identical MLG and gold
layers in the stack was optimized to achieve a phase shift of chiral petal ring resonators deposited on the top and bottom,
360 °. Figures 31(e, f) show the five chemical potentials respectively, of a polymethylpentene (TPX, ¢, =2.1)
chosen to achieve equally spaced phaseshifts of 360 °/5 = substrate, as shown in figure 32(a). The complex Jones matrix
72 ° between them and their influence on the attenuation and  of an individual unit cell was extracted from numerical
phase shift of the unit cell stack. Supercells consisting of five ~simulations and was specified in a linear-orthogonal basis.
unit cell stacks were formed, and their length needed to be Because the resonator was rotationally symmetric, the matrix
equal to the wavelength of the surface wave at f, = 3 THz to  Was recast in a circular basis [210] and simplified. The optical
meet the phase-matching condition [107]. Finally, the distance  pumping changed the graphene’s properties [19] and resulted
between the waveguide and the transmitarray was optimized in a variation of the co- and cross-polarization coefficients of
to achieve a maximum coupling efficiency C (ratio of the that Jones matrix within the specified frequency region:
surface wave’s power at the target port to that delivered by the 0.5 to 0.9 THz, as illustrated in figures 32(b, c).
incident wave to the system) or the directivity D (ratio of the The transmission coefficients for the RHCP and LHCP
surface wave power at the target port and at the other port). fields were represented by the co-polarization and cross-

Maximum values of C=46% and D = 19dB were polarization coefficients. Alternatively, temporal coupled-
mode theory (TCMT) [211] was employed to analytically
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Figure 32. Graphene-based metasurface transmitarray that produced a chiroptical response to a linearly polarized incident
electromagnetic field. The response of the transmitarray is tuneable using optical pumping. (a) Schematic representation of the
transmitarray being optically pumped by a tuneable light source (left). The metasurface’s unit cell is composed of dimensionally
identical multi-layer graphene and gold chiral petal ring resonators that are deposited on the top and bottom of a
polymethylpentene substrate, respectively (right). (b) Co-polarization coefficient under various optical pumping powers as
extracted from numerical calculations. (c) Cross-polarization coefficient under various optical pumping powers extracted from
numerical calculations. (d, ) Frequency spectra of an ellipticity angle chiral transmitarray for various optical pumping powers
obtained with (d) numerical simulation and (e) temporal coupled-mode theory. (f, g) The optical pumping power-dependent
polarisation ellipses at (f) 0.729 THz and (g) 0.829 THz. [18] © 2020, CC BY 4.0. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/

determine the transmission coefficients. The outcomes of both The absorption of EM fields has a wide range of
approaches showed good agreement and facilitated the applications has a wide range of applications. They include
calculation of the ellipticity angle. Variation of the ellipticity EM interference shielding[215], cloaking [216], sensing,
angle by 20 ° was achieved as presented in figures 32(d-g). spectroscopy, and more.

Transmitarrays are less often considered at THz Most absorbers can be categorized into resonant and
frequencies in comparison to reflectarrays. Generally, a broadband absorbers [217]. Resonant absorbers operate at a
tradeoff between the efficiency and phase control of specific frequency f, and generally consist of multiple layers
transmitarrays and reflectarrays needs to be made. For separated by 1,/4. Notable examples of resonant absorbers
example, a two-layer copper and benzocyclobutene (BCB) are the Salisbury screen, Jaumann absorber, Déllenbach layer,
based transmitarray reported in [212] achieved a maximum crossed grating absorber, and circuit analog absorber [217].
transmission of 95 % and a y-polarization beam deflection of For example, a Salisbury screen structure consists of a thin
2.4° for a single layer at 1.2 THz, and a maximum resistive sheet deposited on a ground-backed A,/4 thick
transmission of 70 % at 1.15 THz and y-polarization beam dielectric that forms a Fabry-Perot resonator. Its main
deflection of 6.1 °. A flexible gold and polyimide-based three-  disadvantage is their sensitivity to angle of incidence of the
layer transmitarray achieves a maximum transmission of fields [197].

44% at 0.9 THz and a beam deflection of 35° [213]. If a simple vacuum embedded dielectric layer with
However, neither systems are reconfigurable. permittivity € = €,6, and permeability pu = pou, is

Reconfigurable non-graphene implementations use the considered, where €, and u, are the vacuum permittivity and
same tunable elements as metasurfaces introduced in Section permeability and where €, and . are the relative permittivity
3. For example, pin diode-based microwave transmitarray was and permeability of the dielectric, the reflection coefficient r
developed in [214]. On the other hand, graphene’s tunability and transmission coefficient ¢ for a normally incident plane
can be used to reconfigure the characteristics of graphene- wave can be derived by the Transfer-Matrix method [218] and
based transmitarrays dynamically. Their biasing architecture are given by [217]
needs to be carefully designed as the impeding EM waves will
couple to them. i (£ 3 %) sin(nkd) ¢ 31)

3.3 Absorbers
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Figure 33. Salisbury screen and Jaumann stack absorbers. (a) Schematic and transmission-line model of a graphene Jaumann
absorber. (b) chemical vapor deposited graphene on quartz-based Salisbury screen (N = 1) and Jaumann stack (N = 2, 3, and
4) absorbers with varying layer count N. (c) Analytical evaluation of the dependence of the chemical potential on the absorption
characteristics of a Salisbury screen absorber. (d) Measured absorption characteristics of a Salisbury screen absorber for varying
numbers of graphene layers. (e) Analytical evaluation of the dependence of the absorption characteristics of a Jaumann absorber
on the layer count N. (f) Measured absorption characteristics of graphene-based Jaumann absorbers with different numbers of
layers N. [108] © 2014, CC BY 3.0. To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0/

i(Z Zy\ . - 32 One of the most common applications of broadband
t= [Cos(nkd) - E(Z_O +7) sm(nkd)] (32) " graphene-based absorbers is solar absorbers. Solar radiation
ranges from 295 — 2500 nm, which equates to ~100 —

where 7 = Mand Zy =\/Mare, respectively, the 1200 THz and com.prises I.R, visible, and _UV light [220].
impedances of the dielectric and the free-space, n = /e, is Graphene-based devices designed to operate in that_frequency
the refractive angle of the dielectric, k is the wavevector in the range can be used as sensors and optoelectronic devices, or for

dielectric, and d is the thickness of the layer. The reflectivity energy harvesting a_lnd photoyoltalc applications [219].' In
R and the transmissivity T are related to  and ¢ via R = |r|2 particular, graphene in perovskite solar cells has found various

and T = |¢|2. The absorptivity, which is the relation of the applications, i.e., as electrode-material, carrier transporting

L R material layer within the electron selective contact layer, and
gbsorbed .and |nc_|dent spectral powers (A = Qabs/Qinc) [219]; as a stabilizing material against ageing effects [221]. The use
is determined using [218]

of GO has also shown promising applications due to the
capability of tailoring material properties via the tuning of
oxygen-containing functional groups [222, 223]. Recent
developments of graphene solar absorbers focus on the design
of metasurfaces and metamaterial devices where the
topologies are chosen for obtaining broadband absorption,
ideally close to unity, throughout the solar radiation frequency
range [219, 220, 224].

Similar to the design of metasurface-based reflectarrays
and transmitarrays, the operating parameters of metasurface-
based absorbers strongly depend on the structures and their
dimensions. Integrating graphene elements into THz absorber
applications is of particular interest due to its tunability [91],
compatibility with nanofabrication, broadband absorption
characteristics  [225], and demonstrated absorption
enhancements [226]. Their tunability, in particular, offers the
possibility of reconfiguring the absorption characteristics of a
device. Many examples of graphene-based absorbers have
been demonstrated in the microwave [108, 216, 227-230],

A=1-T—-R. (33)

It becomes obvious that it is necessary to impedance match
the free-space and the dielectric in order to reduce the
reflectivity and increase the absorption. It should be noted that
A, R, and T are often strongly frequency-dependent, not only
due to the dimension dependence of the structures but also due
to frequency-dependent values of the permittivities and
permeabilities of the materials used.

A Jaumann absorber is based on the same concept as the
Salisbury screen, but several layers of resistive sheets and
dielectrics above a ground plane are stacked [108, 197]. An
example model is shown in figure 33(a). Stacking many
layers results in multiple resonances and thus broadband
response of the absorber [217]. Broadband absorbers operate
frequency independent. Other common examples are the
geometric transition absorber, well known from anechoic
chambers, and the low-density absorber [217].
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Figure 34. A THz absorber based on a graphene sheet covering a SiC metasurface. The graphene sheet is electrostatically
biased using a voltage-biased solid polymer electrolyte. (a) Vertical profile and schematic representation of the designed
absorber. Biasing voltage is applied between the graphene sheet and a probe stuck into the electrolyte. (b) SEM image of the
SiC-based metasurface. (c) Application of a voltage to the electrolyte results in the formation of a capacitor due to the movement
of free ions(Li* and Cl03) (d) Comparison of the measured and simulated (using the finite-difference time-domain method)
absorbance spectra of bare SiC (red) and SiC-based metasurface (blue). () Measured biasing voltage-dependent absorbance
spectrum of the graphene-based absorber. (f) Numerical simulation of magnetic field distribution within the metasurface unit
cell. (g) Equivalent circuit model used for the evaluation of the magnetic polariton resonance frequency. Reprinted with
permission from [103]. Copyright 2019 American Chemical Society.

THz frequency ranges [91, 103, 105, 225, 231-234], and well Jaumann stack achieved an absorption of ~909% from
into the infrared (IR) frequency range [226, 235]. Researchers 125 GHz to 165 GHz with a fractional bandwidth of 28 %, as
generally aim to achieve total absorption within specified shown in figures 33(e, f). In particular, the bandwidth was
design constraints. Notable examples are given in [91, 231]. strongly dependent on the thickness of the dielectric and its

Wau et al. [108] designed a graphene-based absorber in the  permittivity. It could be significantly improved if materials
microwave frequency range using both Salisbury screens and  with lower permittivity are used. Measurement of the
Jaumann stacks. Figure 33(b) shows the fabricated absorbers. absorption characteristics at different angles of incidence
Each layer consists of numerous CVD SLGs transferred onto  showed that the absorber is suitable for TM-polarized waves
a quartz substrate. The Salisbury screen absorbers were with any incidence angle. In contrast, the absorption
considered to analyze the influence of the graphene layer diminishes for TE-polarized waves with an angle of incidence
count and doping on the absorption. The results of these larger than 30 °.
parameter studies are shown in figures 33(c, d). As no biasing Tunable graphene-based absorbers in the microwave range
was considered in the design, the dependence of varying the generally consist of self-gated graphene-electrolyte-graphene
chemical potential of graphene was determined using an capacitors [216, 227-230]. Similar to the example above, Balci
equivalent circuit model and transmission line theory. Varying et al. [216] designed a Salisbury screen absorber that operated
uc from 0 eV to 0.3 eV results in a significant increase in the  at 10.5 GHz. Apllying a bias of 0 — 1.5 V allowed for dynamic
absorption because the impedance of graphene becomes tuning of the reflection from —3 dB to —45 dB. The graphene-
matched to the free-space impedance at u. = 0.3eV. A based capasitor itself absorbed 21 — 45 % of the EM waves,
fabricated single-layer Salisbury screen absorber was for V,;,, =0—3.5V. Zhang et al. [228] explored the
measured using reflectometer measurements; the absorption possibility of exclusively using graphene-electrolyte-
dependence on the graphene-layer count was evaluated from  graphene capacitors as absorbers. A single capacitor within a
110 to 170 GHz. While SLG on quartz only showed a peak rectangular waveguide absorbed between 50 — 99.79 % of
absorbance of ~30 %, stacking only two layers of SLG the EM waves within the spectrum of the waveguide (3.4 —
resulted in an absorption of ~95 %. 4.9 GHz) with a biasing voltage of 0 — 3 V.

The performance of Jaumann absorbers with up to five While the absorption of microwave fields is a common
layers (N = 5) was analyzed using the same approaches. Both  research topic, research on graphene-based absorbers has
the analytical and measurement results showed increased again been focused mostly on the THz and IR frequency
bandwidth with an increasing layer count. The 5-layer spectrums. In particular, the THz spectrum has received
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Figure 35. Tunable graphene-based multiband absorber for polarization angle independent electromagnetic wave absorption
in the THz range. (a-c) Vertical profile of the absorber, consisting of two stacked SiO./graphene/SiC resonators, and the
structure of the graphene square rings. (d) The absorption spectra of the individual resonators and the absorber stack. (e)
Resonance frequency dependence on a single graphene square ring dimension. (f, g) Dependence of the absorption spectrum
on the Fermi level when the absorber is excited by transverse magnetic (f) and transverse electric (g) incident waves. Reprinted

by permission from [91]. © 2019 Optical Society of America.

considerable attention because of the plasmonic effects in
graphene. For instance, Long et al. [103] designed and
fabricated an absorber based on a graphene sheet covering a
SiC-based metasurface. Figures 34(a-c) show the schematic
representation of the absorber and an SEM image of its SiC-
based metasurface. The metasurface was fabricated using FIB.
The CVD SLG was then transferred onto the structured
metasurface. The graphene was electrostatically biased.
However, instead of using a typical capacitive gate, a solid
polymer electrolyte made of lithium perchlorate (LiCIO4) and
polyethylene oxide (PEO) was deposited on top of the
graphene’s surface [236]. Application of a voltage via a probe
stuck into the electrolyte led to the formation of a capacitor
resulting from the movement of free ions (Li* and Cl07). The
so-formed ionic layer at the graphene-electrolyte interface was
about 1 to 5 nm thick. The increased capacitance it provided
yielded a wider tuning range than capacitive biasing via a
dielectric [103].

Figures 34(d, e) illustrate the absorbance spectra measured
with FT-IR spectroscopy of the bare SiC, the SiC metasurface,
and the graphene-based absorber. The SiC case was
numerically simulated using the finite-difference time-domain
(FDTD) method [87] and was compared to measurement
results with reasonable agreement. Variations arose from the
doping of the SiC during the FIB process. The last case
showed a shift in the absorbance resonance with the
application of a biasing voltage.

The unit cell of the metasurface was numerically
simulated, and the magnetic field distribution was extracted to
analyze the physical phenomenons within the metasurface.
The results are shown in figure 34(f). The strong magnetic
confinement within the grove and the counter-clockwise
electrical current around the grove suggest that magnetic
polaritons (MP) were excited [103, 237]. The excitation of
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MPs had been demonstrated previously by Wang and Zhang
[237]. Long et al. [72] showed that graphene can be used to
tune its resonance. The equivalent circuit model in figure
34(g) was used to determine the MP resonance’s dependence
on graphene’s chemical potential.

Often EM fields with a specific frequency or wavelength
can be targeted and absorbed. On the other hand, Wu et al.
[108] experimentally demonstrated high absorption with wide
bandwidth in the microwave range, with total absorption being
the desired property. Another possibility was reported by Bao
et al. in [91]. A graphene-based multiband absorber was
developed. Figures 34(a-c)) show the vertical profile of that
absorber. It consisted of two SiOj/graphene/SiC resonator
stacks layered on top of each other. Figure 35(e) illustrates
how the graphene was structured as square rings, and the
absorption spectra were closely linked to their dimensions.
The two stacks have dedicated absorption characteristics, and
by layering them, their absorption responses are
superimposed. This feature is visualized in figure 35(d), where
the full-wave simulation of the individual resonators and the
stacked resonators are compared. The top graphene layer
strongly couples to one frequency, while the bottom layer
coupled to the second frequency. The coupling effects are
further analyzed using coupled-mode theory (CMT) [238] and
show good agreement with the numerically simulated results
[91].

Changing the Fermi level of graphene significantly shifts
the absorption spectrum. Figures 35(f, g) show how both
absorption peaks experience a blue shift with increasing Ej.
Furthermore, the absorption is enhanced. Total absorption was
achieved for Er = 0.8 eV. However, no biasing architecture
was considered in the design.

The absorber is polarization angle independent for both TM
and TE incident waves and can further be extended to cover
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Table 4. Comparison of absorber implementations

Technology Design Frequency Absorption Ref.

[%]

Graphene/ electrolyte/ Independently tunable graphene/ 3.1 — 6.1 GHz - [230]
graphene capacitor on electrolyte/ graphene-capacitor and

top of varactor-based varactors metasurface absorber stack

metasurface

Graphene/ electrolyte/  Tunable N-layer (N = 1 — 3) graphene 3.4 —49GHz 50—-99.79 (N =1, [228]
graphene capacitor electrolyte capacitor-based Salisbury Viias =0 —37V)

screen and Jaumann stack absorbers

Graphene/ electrolyte/  Tunable graphene electrolyte capacitor- 10.5 GHz 21 —-45 [216]
graphene capacitor based Salisbury screen absorber (Vpias =0—=3.5V)

CVD MLG on quartz Salisbury screen and Jaumann stack 125 — 165 GHz ~95(N =2) [108]

absorbers of N = 1 — 5 layers. ~90 (N =5)
SiO,/Graphene/SiC Tunable multiband absorber made of  3.67,4.73,5.9,6.94 THz 98.6 (N =4) [91]
multiple layer stack (N = 2 — 4) of (N =4) 100 (N =2, u, =
SiO,/ graphene-square-rings/ SiC 0.8¢eV)
resonators over a metal layer

Electrolyte biased Tunable graphene-based metasurface 24.6 THz (Wyias = 0 V) ~80 [103]
CVD SLG on SiC absorber consisting of electrolyte/ 25.6 THz (Vpjas =5 V)

metasurface graphene/ SiC metasurface stack

Copper on Fr-4 Wide-angle TE and TM absorber based ~5 GHz ~99 [239]
substrate on N-blade (N = 4 — 12) unit-cell

metamaterial

Polyimide/ copper/ Tunable wideband absorber based on 130 GHz (unbiased) > 90 [240]
liquid crystal/ liquid crystal 119 GHz (biased)

polyimide

VO,/Al,O3 Tunable absorber based on VO, and 0.2 — 1 THz 18.9 (no pumping)  [241]

optical laser pumping

74.7(6 m] cm~?)

more frequencies by stacking additional resonators. Using this
approach, an absorber was also designed in [60], in which four
resonators were stacked on top of each other. Three of the
resonant responses reached perfect (100 %) absorption, and
one reached 98.6 %.

While the absorption region of graphene-based absorbers is
closely linked to their dimensions, and they provide limited or
no frequency tunability, researchers suggest combining
graphene-based  absorber  structures  with  metallic
metasurfaces and tunable elements [229, 230]. Zhang et al.
[230] designed a graphene-electrolyte-graphene capacitor-
based absorber and coupled it with a varactor-based metallic
metasurface. The Absorber operates in the microwave range.
The absorption frequency can be tuned from 3.1 — 6.1 GHz by
applying a voltage to the varactor diodes, which modifies their
capacitance. On the other hand, graphene’s tunability is used
to modulate the absorption itself, and the reflection amplitude
can be tuned from —3 dB to —30 dB.

Table 4 gives a brief comparison of several graphene and
non-graphene implementations of microwave and THz
absorbers.

3.4 Photodetectors
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Apart from the emission and manipulation of EM fields
using graphene-based devices, their detection has become a
significant research area [242] owing to graphene’s properties,
specifically its small heat capacity [242, 243], weak electron-
phonon coupling [242, 244], and large Seebeck coefficient
[244]. Detectors generally find application in fields such as
security, biomedical imaging, and spectroscopy [111].
Graphene, in particular, combines several photocurrent
generation mechanisms useful for detecting EM waves, as
illustrated in figure 36. They include the photovoltaic effect,
the photo-thermoelectric effect (Seebeck effect), the
bolometric effect, the photo-gating effect, and the plasma-
wave assisted mechanism [245], which is often referred to as
the Dyakonov-Shur mechanism after its first implementation
[246].

Early adaptations of graphene-based detectors were mainly
focused on the visible spectrum using metal-graphene-metal
structures and were based on the photovoltaic effect [247,
248]. Designing the detector as a back-gated GFET facilitated
the investigation of electrostatic biasing on graphene and
exposed its influence on the detector’s photoresponsitivity and
photoresponse [248]. The investigation of graphene doping
due to the interaction with metal contacts and edge effects
showed the formation of p-type and n-type doped regions in
the graphene [247]. Creating p-n junctions in graphene using
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Figure 36. Main photocurrent generation mechanisms used in graphene-based detectors. Reprinted by permission from [245].
Copyright 2014 Springer Nature.
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Figure 37. Log-periodic antenna-coupled graphene-based bolometer. (a) Image of the fabricated detector with read-out ports
S1 & S2 and the antenna gates AG1 & AG2. (b) Close up of graphene flake, antenna gates, and read-out contacts. (c, d) The
Photo-generated voltage at read-out ports S1 & S2 for different bias conditions of the antenna gates at a temperature of 50 K.
(c) Measured and (d) simulated results. Reprinted from [244], with the permission of AIP Publishing.

metal contacts or gates and electrostatic biasing facilitates the transferred onto a Parylene-N/SiO,/Si substrate, and two metal
formation of thermocouples in which photogenerated hot contacts were added to measure the photo-generated voltage.
electrons result in a photovoltage due to the photo- A log-periodic antenna was used to couple incident EM fields
thermoelectric effect [244, 249]. However, the thermocouples  to the graphene via two separate gates, as illustrated in figure
at graphene metal interfaces are subpar due to electro-cooling 37(a). Parylene was used as a dielectric between the graphene
[244]. Over time, the significance of the photo-thermoelectric  and the antenna gates. These two gates were further utilized to
effect became apparent and has since dominated research induce a p-n junction in the graphene by applying two
interests. different voltages to the two antenna arms. The EM fields
Graphene-based detectors now cover a wide variety of were generated with a Gunn source at a frequency of 94 GHz
frequency ranges: microwave [110, 244, 250, 251], THz [110- anda 30 mW power level. A ~1 pW field power was expected
112, 242, 243, 250, 252, 253], IR [242, 243, 248, 249, 251, to reach the device. Considering the expected received power
254, 255], and visible spectrum [242, 247, 254]. There are level, a photoresponsivity of ~700 VW~! and a noise
examples even all the way into the UV frequency range [251].  equivalent power (NEP) of ~200 pW Hz~1/2 was determined
Depending on the detector response time, even single photons  at an operating temperature of 50 K. The photogenerated
can be detected [251]. Bolometric and antenna-coupled sjgnal showed minimal variation, ~600 pV, within the
GFET-based detectors are mainly found in practice within the  temperature range of 4 — 100 K, but it was significantly lower
microwave and THz frequency ranges [110-112, 242-244, ot room temperature, i.e., ~10 V. Therefore, it had to be
250-253]. operated at cryogenic temperatures. Furthermore, the bias
voltage of the antenna showed a direct effect on the photo-

3.4.1 Bolometers generated voltage. On the other hand, almost no voltage was
EM detectors are devices in which the incident field energy  measured when there was no bias applied as a consequence of

is absorbed. Calorimeters are EM detectors in which the tne equivalent Seebeck coefficients in the graphene. It was
absorption results in a temperature increase that is poted that the impedance mismatch between the antenna and
subsequently read out. Bolometers, in general, use the same e graphene led to high power losses. It was suggested that
basic working principle and are employed specifically t0  the coupling, and with it, the responsitivity could have been

measure the power of incident EM fields. significantly improved if better impedance matching had been
Skobin et al. [244] designed a bolometer based on the ,chieved.

thermoelectric effect in graphene. Exfoliated graphene was
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Figure 38. Graphene-based hot-electron bolometer. (a) Image of fabricated hot-electron bolometer, (b) magnification of

graphene structure, and (c) schematic setup for the Johnson noise measurement of the hot-electron bolometer. (d) Measured

dependence of noise power variation on dc power at different bath temperatures. Reprinted by permission from [252]. Copyright

2018 Springer Nature.
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Figure 39. Photo-voltage measurement using a graphene field-effect transistor-based detector of THz fields. (a) Frequency
dependence for polarizations of 0 © and 90 ° relative to antenna axis, at V; = 1.2 V.and Vg4 = 0 V. (b) Gate voltage dependence
for a variety of frequencies, at V,q4 = 0 V and 0 ° polarization. (c, d) Plasmonic (blue) and thermoelectric (red) photo-voltages
analytically extracted from the measured values (black) at (c) 263 GHz, and (d) at 295 GHz, for V,q = 0 V and 0 ° polarization.
Reprinted from [110], with the permission of AIP Publishing.

Miao et al. [252] designed a hot-electron bolometer (HEB) GFET-based THz detectors exhibit different photocurrent
with EG grown on 4H-SiC substrate. The graphene was generation mechanisms in comparison to thermal
integrated with a microbridge and directly connected to a log-  detectors/bolometers. They consist of a GFET that is mainly
spiral antenna that covered the frequency range from based on EG and a metallic antenna. Their antennas couple the
0.1to 1.4 THz. An elliptical Si lens was attached to the HEB. incident EM fields onto the GFET. Their designs have a
The device was mounted to a cooler that operated at bath significant impact on the frequency range of the detectors.
temperatures in the range of 0.3 — 10 K. Johnson Noise Consequently, they often employ bowtie antenna designs,
Thermometry was employed to read out the response of the which, as noted previously, have wideband characteristics.
detector by measuring the noise emission of the incident EM  One of their main advantages is that they can be operated at
field generated from blackbody loads. This system is detailed room instead of cryogenic temperatures.
in figure 38. Measurement of the noise power showed an Bianco et al. [110] introduced a THz detector that consists
increase with decreasing temperatures. The NEP was of a log-periodic circular-toothed antenna-coupled GFET, as
estimated to be 5.6 nW Hz~1/2 at 3 K. The high coupling shown in figure 39(a). The GFET was based on EG grown on
efficiency of the HEB within the desired frequency range was @ SiC substrate (semi-insulating, 4H-SiC(0001)) via thermal

determined with a fast Fourier transform (FFT) of the noise  sublimation. Illuminating the detector with EM fields within
signal. the 230 GHz to 375 GHz frequency range and that provided

received power in the range 0.5 — 1 mW, four distinct modes
3.4.2 GFET based THz Detectors were measured as the frequency was varied.
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Figure 40. Chemical vapor deposited graphene field-effect transistor-based THz detector. (a) SEM picture of the device. (b)
Schematic of the device. (c) Measurement setup. A: THz source, B: lens, C: paraboloid mirror, D: hyper-hemispherical silicon
lens, E detector, F: power meter. (d) Measured voltage and current photoresponsitivity (top) and noise equivalent power
(bottom). Reprinted with permission from [111]. Copyright 2014 American Chemical Society.
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Figure 41. Epitaxial graphene field-effect transistor on SiC THz detector coupled to split bowtie antenna. (a) SEM image of
the fabricated detector. (b) Schematic design and dimensions of the graphene field-effect transistor including incident THz
fields ~Ua cos(wt) and the photoresponse voltage AU. (c, d) Dependence of photo responsitivity (c) and noise equivalent
power (d) on gate biasing under constant incident THz power. [112] © 2018, CC BY 4.0. To view a copy of this license, visit

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

It is important to note that the detector operation was
sensitive to the polarization of the incident EM fields with
respect to the main axis of the antenna. The configuration is
shown in figure 39(a). There were two independent detection
mechanisms: rectification of over-damped plasma waves
(Dyakonov-Shur) and graphene’s thermoelectric effect. The
direct analysis of the two mechanisms and the measured
induced photo-voltage showed that they competed with each
other, as illustrated in figures 39(c,d). The photoresponsivity
and NEP were determined to be ~0.25VW~! and
~80 nW Hz~1/2 respectively. However, further
improvement was expected by decoupling the EG from SiC to
improve its electrical properties.

For comparison, the CVD graphene-based photodetector
introduced by Zak et al. in [111] achieved a
photoresponsitivity that was two orders of magnitude higher
than the EG on SiC-based device in [110]. Their detector
design, shown in figure 40(a), consisted of a split bow-tie
antenna coupled to a GFET made of CVD SLG transferred
onto Si/SiO; substrates. It operated at a frequency of 0.6 THz.
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The photoresponsivity and NEP were determined to be >
14VW™1 and ~515pW Hz" /2, respectively, when the
incident EM power was 29 uW, as shown in figure 40(b). A
significant improvement over the EG on SiC device
introduced above was obtained.

A more recent study conducted by Murali et al. [112]
analyzed the primary mechanism to improve the sensitivity of
the GFET-based THz detectors. They used a split bow-tie
antenna coupled to a GFET based on monolayer EG grown on
a SiC substrate (semi-insulating, 4H-SiC(0001)). High
resistance contacts to the source and drain of the GFET were
used deliberately to study the effect of the THz energy coupled
to the GFET on the detector’s sensitivity. It was demonstrated
that the THz coupling onto the channel and the channel control
of the GFET was more important than the initial conductivity
of the channel and the aforementioned contact resistances.
Furthermore, a new approach for calculating the antenna
coupling factor was introduced. The designed detector
operated at 0.8 THz and achieved a photoresponsivity and
NEP of > 535V W~ and < 100 pW Hz~1/2, respectively,
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Table 5. Comparison of photodetector implementations

Technology Design Frequency Photoresponsivity NEP Ref.

[GHZ] [vw-1] [pW Hz~1/?]

Exfoliated graphene on Cryogenic bolometer based on 94 ~700 ~200 [244]
Parylene-N/SiO,/Si substrate log-periodic antenna

EG grown on 4H-SiC substrate  Cryogenic HEB with Johnson 100 - 5600 [252]

Noise Thermometry — 1400

EG grown on semi-insulating, Log-periodic circular-toothed 230 — 375 0.25 80 000 [110]
4H-SiC(0001) antenna-coupled GFET

EG grown on semi-insulating,  Split bow-tie antenna coupled to 800 > 535 < 100 [112]
4H-SiC(0001) a GFET

CVD SLG on Split bow-tie antenna coupled to 600 14 515 [111]

a GFET

Exfoliated bilayer graphene on  Log-periodic circular-toothed 290 — 380 ~1.2 ~2000 [253]
SiO./Si antenna coupled GFET

TSMC 0.18 um SiO2/Si process  Circular antenna coupledto 270 — 320 1286.6 210 [258]

nMOS detector
130 nm Si CMOS process Bowtie antenna coupled to 270 5000 <10 [259]
nMOS rectifying element —1050
Lithium tantalate Crystal on Si Detector array with pixel 2520 8 600 1500 [256]

readout circuit

for an incident EM field that delivered power levels from ~
1to 10 uW. Figures 41(c,d) illustrate how both the
responsitivity and NEP were sensitive to changes in the gate
bias.

Graphene-based EM field detectors are most commonly
studied in the THz frequency range. They offer wideband
detection that is associated with the wideband characteristics
of the metallic antennas used for the coupling of the EM fields
into them. Moreover, they offer a great alternative to common
pyroelectric [256], micro-bolometer [257], and silicon CMOS
detectors [258-260]. Graphene-based detectors have been
demonstrated to cover a wide frequency spectrum and are easy
to fabricate due to their planar design. The latter is important
to compete with alternative designs that can already be
fabricated using standard Si CMOS processes, €.9., using the
Taiwan Semiconductor Manufacturing Company (TSMC)
0.18 pum process [258].

The main figures-of-merit (FOMSs) for designing detectors are
photoresponsitivity, NEP, and response time. While graphene-
based detectors in the microwave and THz ranges already
offer high photoresponsitivities of ~700 V W~1 and NEP as
litle as 100 pW Hz'/2, which are comparable to
commercially available room temperature THz detectors
[253], these FOMs are still not as attractive as systems based
on alternative materials. Their FOMs are at least one order of
magnitude better with photoresponsitivities of up to
8600 VW1 [256] and a NEP as little as 10 pW Hz1/2
[259], see table 5. Nevertheless, many designs still lack an
analysis of their response times, which is an important
parameter for continuous readout in spectroscopy and imaging
applications. Further improvements in the quality of graphene
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and decoupling it from the substrate to reduce losses are
expected to improve the performance of the devices.

4. Conclusions and Prospects

In recent years, graphene has attracted significant interest
for its potential use for generating, manipulating, and
detecting EM fields, in particular from microwave to THz
frequencies. The possibility for a dynamic tunability of
graphene’s electrical properties within a fabricated device is
one key reason for this considerable interest. While much
research around graphene devices is based on numerical and
analytical simulation, particularly in the THz range, some
devices such as antennas, absorbers, and detectors have been
experimentally demonstrated and characterized.

Both the epitaxial growth of graphene on SiC and CVD
graphene are promising candidates for integrated graphene
devices in the microwave and THz frequency ranges. They
offer the possibility of large-area synthesis but have distinct
advantages and disadvantages. CVD graphene is the most
commonly used type of graphene for both modeling and
experimental validation due to its availability and low cost.
Monolayer graphene with a low defect count can be grown
and transferred onto a wide range of substrates. Several layers
can be turbostratically stacked to achieve the desired layer
count. However, the transfer process is relatively complex,
introduces defects to the graphene, and is limited to planar
applications. Epitaxially grown graphene on SiC wafers via
thermal decomposition suffers from the requirement of UHV
and extremely high temperatures. Techniques to ease the
requirements for the high temperature and vacuum have been
developed. SiC substrates are also costly and only available in
limited sizes. EG on SiC/Si substrates, on the other hand, is
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compatible with current silicon technologies and offers a
versatile platform. Three-dimensional graphene-coated
structures can be created by pre-structuring the SiC. Note that
overall the design of electronic or EM devices with epitaxial
graphene needs to take into account the silicon carbide
properties. In particular, they need to be well understood in the
proximity of the Reststrahlen band of SiC owing to the near-
total reflection of EM waves and the surface plasmon-phonon
coupling.

Graphene flake-based inks form thick graphitic films that
possess metal-like conductivities and are heavily investigated
in the microwave range. Various techniques, such as rolling
compression, annealing, and forgoing isolating additives, such
as binders, are employed to improve their electrical and
mechanical properties. These include, but are not limited to,
their conductivity, flexibility, and robustness.

Overall, it is essential to note that the electrical and
mechanical properties of neither CVD graphene, EG grown on
SiC, nor graphene inks, can compare to those of ideal
graphene. These are only demonstrated for high-quality and
free-standing graphene samples. The quality of graphene itself
is determined by its grain size, number of defects, intrinsic
doping, layer count, etc. In addition, the quality and type of
the integrated graphene interfaces can sometimes play even a
larger role in the performance of graphene devices.

The investigation of graphene devices heavily relies on
full-wave simulation methods as graphene can easily be
modeled as a surface impedance. Equivalent circuit models
are commonly employed to reduce the computational burden
and have demonstrated good agreement with simulation
results. Nevertheless, researchers must adopt a conservative
model of graphene that represents realistic samples.

Within graphene’s conductivity model, its electrical
properties can be tuned by changing its chemical potential.
Again, conservative values for the range of chemical
potentials must be chosen when modeling graphene devices.
They must be physically achievable or have already been
demonstrated experimentally.

The main focus of reconfigurable devices lies in the
electrostatic biasing of graphene using a capacitive gate.
However, electrostatic biasing can also be achieved using
planar side gating, a solid polymer electrolyte, or ion gel.
Alternatively, optical pumping and chemical doping can be
used for tuning graphene’s properties but are less often
considered. New biasing architectures need to be developed
and implemented to make use of graphene’s dynamic
tunability. However, many models of graphene-based devices
do not consider biasing architectures altogether, although it is
essential for manufacturability and potential experimental
validation.

The dynamic tunability of the electrical properties of
graphene is insignificant for practical antenna devices in the
microwave range because graphene behaves as a variable
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resistor. Instead, the focus lies in designing flexible antennas,
using graphene ink-based graphitic films on a wide range of
materials, or with transparent antennas, using CVD graphene.
While graphene ink leads to thick layers and has demonstrated
metal-like sheet resistances, few-layer epitaxially grown
graphene generally possesses a high surface impedance. It is
thus dominated by losses in the microwave range. Depositing
numerous layers of CVD graphene and the subsequent doping
of them has significantly decreased the sheet resistance, yet
the radiation efficiencies still significantly lag behind metallic
implementations. However, experimental work on microwave
graphene and graphitic film-based antennas has demonstrated
their usability for flexible, transparent, and low-cost
implementations in wearable, sensing, or communication
applications.

The THz frequency range is the primary research area for
graphene antenna applications. The support of SPP’s at those
frequencies allows for the miniaturization of antennas made of
graphene, in contrast to metallic ones. Simulations confirm a
size advantage of up to 20x. Further, the tunability allows for
radiation pattern reconfiguration and resonance frequency
tuning, paving the way for wireless communication at the
nanoscale. THz graphene antennas can be easily matched to
photomixers due to their high input impedance. However,
because photomixers already possess low efficiencies, the
total efficiency is still too low for practical THz applications.

Several graphene traveling-wave antennas, such as Yagi-
Uda and leaky wave antennas, have been investigated.
Simulations of graphene-based Yagi-Uda antennas have
shown how graphene’s dynamic tunability can be used to
reconfigure their radiation patterns. In leaky wave antennas,
the dynamic tunability of graphene’s surface impedance
enables dynamic beam scanning at fixed frequencies while
maintaining their frequency scanning capabilities. However,
in both applications, the directivity levels are yet too low when
compared to non-graphene implementations, and the obtained
reconfigurability is limited.

Metasurface  devices, such as reflectarrays and
transmitarrays, can easily be fabricated - with a planar design.
Experimental  studies have demonstrated dynamic
reconfigurability of the radiation pattern and polarization
utilizing graphene’s tunability. Graphene’s role in THz
antenna applications is quite versatile as it can be used as the
main radiating body, as directors, switches, perturbations, and
more. However, many research efforts still lack adequate
efficiency analysis, with high efficiencies being essential in
the THz frequency range.

Simulations of graphene absorbers often demonstrate the
tunability and enhancement of absorption, some even
promising total absorption and the localization of EM fields.
The tunability, however limited, and absorption enhancement
have been experimentally demonstrated in the THz range,
while near-total absorption and tunability have been
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experimentally demonstrated in the microwave range. Transformative Meta-Optical Systems (TMQS)
Furthermore, researchers suggest using graphene-metal CE200100010.
hybrid absorbers, including non-graphene tunable elements,
for simultaneous frequency and absorption modulation. References

THz-detection is a prevalent research area, and many 1] Novaselov K S, Geim A K, Morozov S V, Jiang D,

graphene-based detectors have been demonstrated. The main
focus lies on detectors made of GFETS coupled to variants of
metallic bowtie antennas for broadband operation. Graphene
features several detection mechanisms. The performance of
graphene detectors has significantly improved in recent years,
and they already offer photoresponsitivities and NEPs
comparable to commercially available detectors. Nonetheless,
considering those FOMs, they still lack behind comparable
semiconductor implementations. However, the gap is quickly
shrinking.

Dynamic beamforming applications generally require a
wide tunability range. The operation of graphene in the SPP
region generally results in improved tunability but lower
efficiencies. Therefore, a trade-off needs to be made
depending on the application. Future work may explore the
possibility of operating graphene beamforming devices
outside of the SPP region to increase their efficiency at the
cost of reconfigurability.

A large part of the published THz graphene devices are
only modeled and have not been physically realized and
characterized. Graphene-metal contacts have previously
shown to result in high contact resistances. They are
commonly omitted in simulations; however, they could
significantly impact the device's performance, particularly in
the THz region. There remains a strong need to demonstrate
the behavior of graphene devices experimentally and connect
it to the properties of the chosen graphene. The available
experimental results, particularly in the THz region,
demonstrate a general trend that confirms several attractive
enhancements of the performance characteristics of graphene
devices, i.e., their beam steering, tuning, and absorption
capabilities. However, exact matching to simulation results is
rarely achieved, and the achieved tuning range is generally
lower than expected.

Graphene synthesis techniques have significantly improved
in recent years. Yet, much work is still necessary to improve
graphene’s electrical properties, homogeneity, cost, and
consistency for their implementation in industrial processes.
Further advancements in graphene synthesis, device designs,
and biasing architectures are expected in the coming years.
With them, an improvement of the efficiency, range of
tunability, and performance of graphene-based devices in the
microwave and THz frequency ranges can be anticipated.
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