RADIOENGINEERING, VOL. 24, NO. 3, SEPTEMBER 2015

661

Applications of Graphene at Microwave Frequencies

Maurizio BOZZI'?, Luca PIERANTONF?, Stefano BELLUCCF

" Dept. of Electrical, Computer, and Biomedical Engineering, University of Pavia, Via Ferrata, 5, Pavia, 27100, Italy
2 INFN-Laboratori Nazionali di Frascati, Via E. Fermi 40, Frascati, 00044, Italy
3 Universita Politecnica delle Marche, Ancona, 6013 1, Italy

maurizio.bozzi@unipv.it, l.pierantoni@univpm.it, stefano.bellucci@Inf.infn.it

Abstract. In view fo the epochal scenarios that nanotech-
nology discloses, nano-electronics has the potential to
introduce a paradigm shift in electronic systems design
similar to that of the transition from vacuum tubes to semi-
conductor devices. Since low dimensional (1D and 2D)
nano-structured materials exhibit unprecedented electro-
mechanical properties in a wide frequency range, includ-
ing radio-frequencies (RF), microwave nano-electronics
provides an enormous and yet widely undiscovered
opportunity for the engineering community. Carbon nano-
electronics is one of the main research routes of RF/micro-
wave nano-electronics. In particular, graphene has shown
proven results as an emblematic protagonist, and a real
solution for a wide variety of microwave electronic devices
and circuits. This paper introduces graphene properties in
the microwave range, and presents a paradigm of novel
graphene-based devices and applications in the micro-
wave/RF frequency range.
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1. Introduction

Nano-technology can be defined as that part of mod-
ern technology enabling the practical exploitation of nano-
scale science and technology from a multidisciplinary per-
spective, including electronics [1]. Nano-technology and
nano-electronics not only yield miniaturization of devices
and enhancement of integration density but also feature
unusual physical, chemical, biological properties, thus 1)
leading to novel theoretical concepts, ii) requiring multi-
scale/multiphysics modeling and simulation tools, aimed at
including quantum transport, electromagnetics, thermal,
mechanical, opto-mechanical phenomena, iii) involve
novel technology and metrology foundations [2], [3].

The goal of dealing with the key-development i)-iii),
is bridging the gap between the nano-science and a new
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Fig. 1. Radio-Frequency nano-electronics: bridging from
theoretical foundations to a new generation of devices,
circuits and systems.

generation of extremely integrated devices, circuits and
systems, as depicted in Fig. 1.

Driven by technology and market requirements, semi-
conductor electronics has already found its way into the
nanoscale dimensions. In fact, the continuing technological
progress in silicon complementary metal-oxide—semicon-
ductor (CMOS) technology, following Moore’s law, still
holds potentials for advances.

However, novel devices based on a combination of
new materials and advanced technologies already existing
will be required to go beyond the scaling limits of Silicon.
A multitude of exciting research projects based on novel
materials and nano-science concepts have been developed
to pave the way for a new generation of nano-electronic
devices and systems, yielding not only higher integration
densities but also substantially improved electro-thermal-
mechanical properties.

It is remarkable to note that nano-scale/structured
materials and devices, and, in particular, low-dimensional
1D and 2D materials, namely carbon nanotubes (CNT),
graphene, 2D-materials “beyond graphene”, exhibit their
most thermo-electro-mechanical properties over a broad
range of applications and operating frequencies, covering
awide energy/frequency spectrum, thus including
RF/microwave [4].

Due to its particular band structure, graphene exhibits
superior performances, as high carriers mobility, thermal
conductivity, unprecedented mechanical properties, tun-
ability, ambipolarity. In the ballistic regime, electrons and
holes can be described by mass-less fermions with a linear
energy dispersion relation [5-9].
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. Graphene nano-platelets produced by means of micro-
wave irradiation, putting the graphite in a standard
microwave oven. The particles sizes are about tens
micrometers and the thickness is less than 5 nm (from

[28]).

Graphene is quickly becoming an extremely interest-
ing option for a wide variety of electronic devices, circuits
and systems [10], such as field effect transistors [11], fre-
quency multipliers [12], transparent solar cells [13], meta-
materials [14], graphene plasmonics [15]. It offers the
possibility of outstanding performances with much lower
power draw, and, in perspective, the possibility of a fabri-
cation process using a technology compatible to that used
in advanced silicon device fabrication (CMOS).

The concrete possibility to really take advantage of
the potentially outstanding properties of graphene (and
graphene-related materials) in the fabrication of devices
suitable for microwave applications depends on the quality
of the actually produced and utilized samples. Severe per-
formance hindering consequences may stem from fabrica-
tion defects and uncertainties, the presence of impurities,
the effect due to grain boundaries, and in general the poly-
crystalline, rather than genuinely single crystal nature of
the massively produced graphene specimens of industrial
quality and economic viability, needed for fulfilling the
promises of pure carbon consumer electronics.

A real challenge is to explore the possibility of using
graphene in the microwaves range. This is mainly because
such structures require electric sizes of the order of the
wavelength, while the size of the first available graphene
samples was much smaller. However, graphene chemical
vapor deposition (CVD), originally proposed for the depo-
sition of diamonds and later of CNTs, and relying upon
employing catalytic precursors, such as transition metals,
nowadays allows one to obtain samples up to several cen-
timeters, thereby increasing the research interest for the
realization of passive devices at such frequencies [16—18],
having at hands several optimization parameters, including
gas flowing rate, temperature, pressure, deposition time
[19-22]. Moreover, even if graphene in the microwave
range behaves as a moderate conductor, it still preserves
the outstanding property of tunability, that consists in the
possibility to electrically induce electrons or holes (e.g., by
applying a positive or negative voltage), thus leading to the
tuning of its resistance.

After the CVD growth, the graphene samples are
transferred from the original catalytic substrate (e.g. cop-

per) to the planned substrate suitable for the envisaged
application. This step, which involves techniques not so
easy to reproduce or scale up industrially, is critical [23],
[24]. Indeed, it is responsible for the main current limita-
tion in using the CVD approach for realizing graphene
samples on semiconducting substrates, as needed in most
of the commercially designed consumer devices. More-
over, not only is the step slow, inefficient, difficult to re-
produce and hardly scalable, but it has also a heavy impact
on the environment, as it involves a massive utilization of
chemicals, such as acids and solvents.

Thus, alternative means are urgently required for gra-
phene synthesis and device integration, which must be at
the same time, low cost, ecologically-friendly, fast to real-
ize, scalable and stable, and must yield devices with either
reproducible and competitive performances.

In [25], [26] an alternative route was outlined to the
integration of few layer graphene nano-platelets (FLG),
based upon the design and realization of a device obtained
by a low cost, ecologically-friendly, quickly realizable,
scalable and stable procedure. The FLG were produced by
means of microwave irradiation, putting the graphite
(an Asbury® Expandable Graphite, where the graphene
planes are intercalated with chemical substances, normally
sulfates and nitrates) in a ceramic melting pot, placed
inside a standard 800 W household microwave oven
(Fig. 2) [27], [28].

In this paper, we first introduce graphene basic prop-
erties and highlight the behavior of graphene in the micro-
wave range, then we present some meaningful examples
and recent advances of graphene-based devices in the mi-
crowave range, with the aim to provide an interesting pro-
spective on the impact of graphene-based devices toward
the RF technology. The latter include:

e a graphene field effect transistor (GFET),
e a graphene-based patch antenna,

e a graphene microstrip attenuator,

e a graphene-based shielding device.

2. Graphene Basics and Properties

Graphene has recently attracted intense attention in
the research community due to its extraordinary mechani-
cal, electronic and optical properties [5—9]. Graphene is
a one-atom-thick two-dimensional carbon crystal retrieved
in many materials such as HOPG (highly ordered pyrolytic
graphite), which consists of many graphene sheets stacked
in a pile, or carbon nanotubes, formed from one or more
rolled-up graphene layers.

Three of the four valence electrons participate in the
bonds to their next neighbors (c—bonds). The fourth m-
electron orbital is oriented perpendicular to the sheet and
delocalized. As a consequence, the charge carriers can be
described by the Dirac equation [5-8], i.e. the band
structure of graphene exhibits a linear dispersion rela-
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tion for charge carriers, with momentum k& proportional
to energy E. The energy bands intersect at zero energy
E resulting in a semi-metal with no band gap (Eg=0 eV).

A picture of the band structure in the vicinity of
k=0 including the Fermi level EF is shown in Fig. 3. As
a consequence of its electronic band structure and disper-
sion curves behavior, graphene has many astonishing prop-
erties, such as carrier mobility attaining 200 000 cm’V's™!
at room temperature and a Young modulus of 1.5 TPa,
which renders graphene the stiffest material with the
highest mobility [5-8].

Due to the absence of a band gap, graphene is not
suited for digital electronics. A potential method to create
a band gap in graphene is to cut it into narrow ribbons of
less than a few tens of nanometers, defined as graphene
nanoribbons ( GNR). However, GNRs must be divided
into two sub-types, armchair and zig-zag edge terminated
ribbons. Both types of GNR may be semiconducting or
semimetallic. In armchair ribbons, the transition from 2D
graphene to 1D GNRs leads to quantum confinement
and a bandgap that is roughly inversely proportional to
the nanoribbon width (W), Eg ~ 1/W [9].

In the micro-/mm-wave range, by considering
graphene samples of the order of mm® or cm’ we move
beyond the ballistic regime (the mean-free path for ballistic
carrier transport is 500—1000 nm at room temperature) and,
as a result, a drop in graphene carrier mobility occurs.

SEM electron microscope images
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Fig. 3. Structure of a graphene layer, electronic bonds, and E-
k band structure: The Fermi velocity is evaluated at the
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Fig. 4. Graphene electrical doping: resistivity (Ohm) in terms
of the surface charge density. The application of a bias
to graphene induces charges thus modifying its electri-
cal properties. The Fermi level moves into the conduc-
tion or valence band, and dominant electron or holes

propagation occurs.

Nevertheless, two main breakthroughs and strictly related
graphene properties remain valid: ambipolarity and
tunability.

By applying energy to the graphene, we can shift its
Fermi level and modify/control electrical properties; when
the Fermi level (electrochemical potential) moves into the
valence or conduction band, the hole or electron conduc-
tion begins to dominate the current transport and, as a re-
sult, the resistance becomes low, as depicted in Fig. 4. In
the figure, the graphene surface resistivity is plotted in
terms of the charge density, that, in turns, depends on the
applied energy. This energy can be provided by an external
electrical field (potential).

The conductivity of single layer graphene is usually
derived using the Kubo formula, [29] that can be reduced
to a simple Drude model if the condition u,>> fiw, where
u, is the Fermi level of graphene and w is the frequency:

2
o= %kBT log(cosh

A, 1 .

’ 2k,T )1+ jor &
with scattering time 7, temperature 7, Boltzmann constant
kp, and unit electron charge e. The condition u.>>hw is
usually satisfied at microwave frequencies and up to mm-
waves, as in practice u.> 0.05 eV. At room temperature,
equation (1) yields the conductivity curves of Fig. 5, where
different values of u, are assumed.

The conductivity of graphene is very frequency-de-
pendent, and exhibits different behavior at RF/microwave
respect to THz and optics. At microwave and millimeter
frequencies, graphene is essentially a moderate conductor.

By approaching the THz range, the surface conduc-
tivity has a radically different behavior, thus permitting the
onset of surface plasmons polaritons (SPP) at plasma fre-
quencies lower than for nobles metals, namely in the THz
range. Plasmons in graphene enable strong confinement of
electromagnetic energy at sub-wavelength scales, which
can be tuned and controlled via gate voltage, providing
an advantage for graphene’s plasmons over surface plas-
mons (SPs) on a metal—dielectric interface.
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Fig. 5. Real and imaginary parts of the surface conductivity of

graphene at room temperature as a function of the
frequency (from DC up to hundreds of THz), for
different values of the electrochemical potential u,.



664 M. BOZZI, L. PIERANTONI, S. BELLUCCI, APPLICATIONS OF GRAPHENE AT MICROWAVE FREQUENCIES

In case of FLG, that is an important practical case, the
conductivity depends on the number of layers, as observed
in the Introduction section. Equation (1) should be changed
depending on the actual band structure of FLG, which in
turn depends on the number and arrangement of carbon
planes. For instance, in case of bilayer graphene, a more
complicated formula can be derived [30], which takes into
account the hopping parameter between layers.

In general, FLG preserves many qualitative features
of single layer graphene: as a matter of fact, an external
voltage can be used to shift the Fermi level and to change
the conductivity. Of course, if too many graphene mono-
layers are composing the FLG flakes (e.g. > 5-10), de-
pending on layer stacking and crystal quality, they tend to
form graphite, due to their electronic coupling, and lack the
appealing electronic properties of individual 2D graphene
sheet.

3. Applications in Microwave/RF
Range

3.1 RF Graphene Field Effect Transistor

Within the past years, graphene FET (GFET) transis-
tors have been successfully fabricated [31-34]. In terms of
operating speed, the results are impressive. In [11], a RF
graphene transistor with a cut-off frequency of 100 GHz,
has been introduced (Fig. 6). GFETs have already achieved
more than 160 GHz FET [31], [35] using conventional
semiconductor manufacturing methods and even 300 GHz
[36] have been shown, using however a non reproducible
GaN nano-wire based gate.

Comparing graphene transistor operating speed to that
of existing technologies (such as Si, III-V HEMTs, SiC,
GaN, etc.) as discussed in [37] shows that graphene based
devices are already comparable to conventional technology
state of the art. Graphene has no bandgap, and, conse-
quently, not suited for enabling digital electronics.

A potential method to create a band gap in graphene
is to cut it into narrow ribbons of less than a few tens of
nanometers, leading to graphene nanoribbon (GNR), where
the energy gap is roughly inversely proportional to the
GNR width (Eg ~ 1/W).

A graphene nanoribbon field effect transistor for high
frequency applications is reported in [16], and shown in

Top view .

Transistor structure

AlLO, gate oxide Graphene

Cross section

Fig. 6. A picture of the structure analyzed in [11].
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Fig. 7. Graphene nanoribbon field effect transistor for high
frequency applications: (a) SEM image of the device
structure with a top gate. (b) measured common-source
I-V characteristics; (¢) RF characteristics the device
under V=3V and V4=1V(short circuit current gain
[h21], left, and unilateral gain, right).

Fig. 7. Using a multi layers graphene material, the ap-
proach is based on an array of parallel graphene nano rib-
bons (GNRs) of 100 nm and 50 nm width. Figure 7a shows
a scanning electron microscopy (SEM) image of the de-
vice, and Figure 7b reports the measured common-source
I-V characteristics. In Fig. 7c the intrinsic current gain
[h21|_intr and unilateral gain U deduced from de-embedded
S parameters are reported.

3.2 Graphene Antenna

The application of graphene and GNR in passive
guided devices and antennas from microwaves to THz has
been by far less exploited. This is mainly because such
structures require electric sizes of the order of the wave-
length while the size of the first available graphene sam-
ples was much smaller. However, graphene chemical vapor
deposition (CVD) [17-19] now allows to obtain samples
up to several centimeters, thereby increasing the research
interest for the realization of passive devices at such fre-
quencies. The possibility of using graphene-based antennas
is a core point in the development of high speed, multi-
functional new wireless architecture, leading to a new
generation of smart nano-systems for wireless communica-
tions [38—42]. With that, there is a growing interest for
investigating models and technology for graphene-based
antennas in the microwave/ mm wave range, RF sensors,
and RFID.

As highlighted in Fig. 5, at microwave and millimeter
frequencies, graphene is essentially a moderate conductor.
In spite of this, challenging and impacting applications
could be addressed, like the design and fabrication of patch
antennas, or array of antennas [38], [39]. In order to pro-
vide a comparison, copper has a surface resistivity as low
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as 0.03 Ohm/square, but this holds for a thickness at least
greater than few times its skin depth, which is a fraction of
micron at 13 GHz. Considering a thin film of copper of
3 Angstrom, in order to compare with graphene (but of
course the complex physics of thin films does not allow
such a simplification), the surface impedance should be
about 60 Ohm/square, that not too dissimilar to the values
that we used for graphene. However, two important points
have to be remarked: i) graphene with such small thickness
can exist, while copper cannot; ii) by reducing the in-plane
dimensions, the actual copper conductivity should degrade
much faster and much more than the actual graphene con-
ductivity.

Moreover, it also has been recently demonstrated that
graphene can be efficiently used as passive substrate with
variable resistance, thus permitting to tune microwave
devices in order to obtain the proper matching [40]. In this
contribution, we deal with the design of a first prototype of
graphene-patch antenna, in the 5-20 GHz range, as build-
ing block in the realization of transmitting/receiving (T/R)
nano-scale microwave communication system. The bene-
fits of this nano-scale system are given by: i) tunability of
the antenna parameters: radiation pattern, resonant fre-
quency, directivity, efficiency; ii) tunability of the electro-
magnetic coupling with other radiating elements, and of the
array pattern of an array of graphene patches; iii) possible
reduction of the in-plane size of the patch owing to the
slow wave behavior (kinetic inductance contribution);
iv) integration: in future, a new class of high performance
carbon components will be hopefully integrated in the
same circuit (amplifiers, switches, mixers, attenuators,
etc.).

In [41], a first prototype of a graphene-based patch
antenna, in the 5-20 GHz range, has been introduced as

A

8x§
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B—»| ¢

SiO, 300 nm

A

Si HR &~12.9 500 pm

4

Fig. 8. Geometry and physical parameters of the analyzed
antenna. W=09cm; L=0.18cm; S=0.045cm=
450 um. 4 =100 pm; B=50 pm. H=4.2 mm (from

[42]).

a block in the realization of T/R nano-scale microwave
communication system.

An improved realization of the antenna is reported in
[42], with experimental and modeling results of a micro-
wave slot antenna in a coplanar configuration, as depicted
in Fig. 8.

The antennas are fabricated on a 4 in. high-resistivity
Si wafer, with a 300 nm SiO, layer grown through thermal
oxidation. A CVD grown graphene layer is transferred on
the SiO,. The paper shows that the reflection parameter of
the antenna can be tuned by a DC voltage. 2D radiation
patterns at various frequencies in the X band (8-12 GHz)
are then presented using as antenna backside a microwave
absorbent and a metalized surface.

Although the radiation efficiency is lower than a me-
tallic antenna, the graphene antenna is a wideband antenna
while the metal antennas with the same geometry and
working at the same frequencies are narrowband [42].

3.3 Graphene Microstrip Attenuator

A broadband microstrip attenuator, operating in the
frequency band from 1 GHz to 20 GHz and based on few
layer graphene (FLG) flakes, was introduced in [28].

The circuit consists of a 50-Q microstrip line with
a gap, where the FLG is located (Fig. 9a). To guarantee
a better contact deposition of the FLG, the terminal open
ends of the microstrip lines are cut with 45° slope. Two
bias tees are used to properly bias the graphene with the
desired voltage across the gap. By changing the value of
the bias voltage applied to the graphene, the surface con-
ductivity of graphene can be modified, and consequently
the insertion loss of the microstrip attenuator can be elec-
tronically tuned.

A prototype of the graphene-based microstrip attenu-
ator was fabricated to verify its electromagnetic perform-
ance and tunability. The manufacturing of the circuit was
performed by using a LPKF micro-milling machine, able to
define the desired shape of the microstrip lines and the
slope of the open ends. The photograph of the adopted
measurement setup is shown in Fig. 9b.

The measured insertion loss of the attenuator over the
frequency range from 1 GHz to 20 GHz is shown in
Fig. 9c, for different values of bias voltage across the gap.
As expected, the insertion loss can be significantly modi-
fied by the applied voltage. The insertion loss increases
with frequency, but a tuning of the insertion loss with the
bias voltage is evident over the entire frequency range. In
particular, a larger tuning range can be achieved at lower
frequency (approximately 5.5 dB tuning at 1 GHz), while
smaller values down to 2.5 dB are achieved at the fre-
quency of 20 GHz. The maximum usable tuning voltage is
5.5V, as higher values lead to a permanent damage of the
attenuator, due to the large current flowing through the
graphene pad [28].
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age (from [28]).

3.4 Graphene Composites in EM Shielding

The application of graphene and GNR in electromag-
netic interference (EMI) shielding devices has a potential
impact in electronics, automotive and aerospace sectors.
Thus, it is important to investigate the effect of methods of
preparation and concentration of graphene and the type of
matrix on EMI shielding. The EMI shielding effectiveness
(SE) of the obtained material cab is then analyzed,
normally by a scalar network analyzer in the microwave

range to observe the percolation thresholds. Quite naturally
the electromagnetic properties of the nanocomposites yield
the basis for engineering and optimizing the shielding
operation at the best achievable bandwidth, independently
of the angle of incidence. Microstructure, elastic and elec-
tromagnetic properties of epoxy-graphite composites filled
with low percentages of exfoliated graphite and thick gra-
phene was studied with the aid of the impulse acoustic
microscopy technique [43]. The already mentioned tech-
nique of FLG nanoplatelets fabrication was used for the
realization of epoxy resin nanocomposites whose electrical
properties were then studied [28].

Graphene is an interesting material also from the
point of view of electromagnetic shielding. In particular, it
now starts becoming clear that, thanks to its high electrical
conductivity, a graphene plane yields a good shielding ef-
ficiency against microwave radiation. When considered as
a nanofiller, it yields several advantages with respect to
other conventional nanofillers thanks to its large surface
area, high aspect ratio, excellent thermal and electrical con-
ductivity, as well as optimally high values of the elastic
modulus. Furthermore, its flexibility and transparency
provide another formidable asset. In [34] graphene was
combined with poly(methyl methacrylate) (PMMA) to
form sandwich structures composed of PMMA/graphene,
where the CVD-obtained single-layered graphene was spin
coated with a 600-800 nm thick PMMA layer. Also, the
electromagnetic response of such heterostructures where
graphene atomic planes alternate with polymer PMMA
films were investigated [44]. Using thin polymer layers as
spacers to separate several graphene planes allows one to
arithmetically add the conductivities of each graphene
plane, because, thanks to the isolating polymer layer, the
intrinsic properties of each plane are kept. In this way, in
[44] it was determined that, at 30 GHz, 6 is the optimum
number of planes, as it corresponds to the maximum value
in this microwave radiation absorption. Thanks to such
a progress, the concept of electrically controlled graphene
based electromagnetic composites is also rapidly advancing
for the case of this kind of graphene/PMMA hetero-
structures.

4. Conclusion

Nano-technologies represent the new scenario for
electronics and photonics, and the application of carbon
nano-electronics in the RF and microwave frequency range
is receiving increasing attention.

This paper has presented an overview on the state-of-
the-art in the applications of graphene at microwave fre-
quencies. The basic features of carbon-based nanostruc-
tures have been outlined and the emerging fabrication
technologies have been discussed. Some recent achieve-
ments in the field of graphene-based microwave compo-
nents have been presented.
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