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The paper presents the experimental and modeling results of a microwave slot antenna in a
coplanar configuration based on graphene. 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 metallic antenna, the graphene antenna is a wide-
band antenna while the metal antennas with the same geometry and working at the same frequen-
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cies are narrowband. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4917564]

Various physical phenomena, which are key concepts in
applied physics, are studied with the mono- and multilayer
graphene in the high frequencies, especially in microwave
frequencies. We mention here briefly Faraday rotation,'
localization and antilocalization,” optomechanics phenom-
ena and detection of mechanical quanta,® optomechanical
coupling of graphene mechanical resonators and supercon-
ducting cavities,” quantum oscillations at microwaves fre-
quencies,” and time flow in graphene.®

Also, the graphene monolayer plays an increased role in
high frequency electronics including terahertz (THz) fre-
quency range. A series of innovative high frequency devices
based on graphene have been fabricated and measured boost-
ing graphene electronics up to THz.

Few examples are graphene field-effect transistors
(FETs) with fna = 70GHz,” graphene FETs with cutoff fre-
quencies in the THz range,®” microwave and millimeter wave
generation via multiplication,'” even graphene receivers at
microwave frequencies,'""'* and THz frequencies.'>'*

The antennas are key components in any wireless com-
munication system. In the perspective of integrated circuits
at high frequencies,'' the antenna integrated with the other
graphene devices on the same chip is an immediate demand.

Therefore, it is interesting to study a microwave antenna
based on graphene and its properties. The main obstacle up to
now to study passive microwave devices based on graphene is
that the wavelengths in the microwave range (between 10 and
100mm) are much larger than the graphene flakes (with
dimensions of few millimeters). However, the CVD growth of
graphene and its transfer on various substrates, especially onto
Si/Si0,, has attained impressive performances in few years.

Y Author to whom correspondence should be addressed. Electronic mail:
alina.bunea@imt.ro

0003-6951/2015/106(15)/153101/5/$30.00

106, 153101-1

Nowadays, batch production of graphene monolayer is per-
formed at 4 -in. and 6 -in. wafer scale; 12 -in. wafers are being
expected in only a few years."

What can we expect from passive devices including
antennas based on graphene? The surface impedance of a
graphene monolayer is given by Zg(V),) = 1/a(w) = Rs(V})
+,jX;(Vp), where o(w) is the graphene conductivity and V),
is the DC applied voltage. Since o(®) is dependent on a DC
voltage applied vertically either as top gate and/or back-gate
voltage as in the case of graphene transistors or as a tangential
field across a slot as in the case of graphene coplanar wave-
guides,'® the tunability of microwave S-parameters by means
of the applied voltage is obtained, which is a great advantage.
Up to now, only ferromagnetic, ferroelectric, and liquid crys-
tals have conferred an inherent tunability of the microwave
devices.!” However, in the microwave range, the surface re-
sistance is, in principle, greater than a few hundreds of ohms
when no bias is applied, which is a detrimental effect imply-
ing losses and moderate radiation efficiencies.

The fabricated microwave antenna is displayed in Figs.
1(a) and 1(b). We can see that the antenna is fabricated in co-
planar waveguide topology, and the rectangular patch is
made from graphene and separated by a slot from the rest of
the circuit, which is made from gold. The outer gold electro-
des are grounded while the central electrode is excited by the
microwave signal. The main dimensions of the antenna are
depicted in Fig. 1(c).

Several graphene-based antennas were fabricated on the
same wafer with commercially grown and transferred gra-
phene by Graphenea. The 4 in. high resistivity Si wafer has a
thickness of 500 um with a 300 nm SiO, layer grown through
thermal oxidation. Micro-Raman spectra in the region of the
microwave graphene-based antenna have been aquired in
180° backscattering configuration using a InVia Reflex

© 2015 AIP Publishing LLC
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Graphene

FIG. 1. The microwave graphene antenna: (a) optical image of the fabricated
graphene based antennas, (b) detailed view of the graphene/gold interface,
and (c) layout with final dimensions.

Raman system with 2400 line/mm grating, 514.5 nm excita-
tion, and low level power (<2mW) to avoid any heating
effects. The Raman spectra were fitted with Voight function.
The Raman mapping was done using a 4 um step. Figs. 2(a)
and 2(b) show the 3D and 2D representation of Raman map-
ping of CVD single-layer graphene. The results presented in
these figures show that the CVD graphene is of good quality
and has a low number of defects. The ratio I,p/Ig that is used
as a figure of merit for the graphene monolayer quality is
between 2.73 and 2.86 and the ratio I5/I is 3, and this is in-
dicative of the presence of low density of defects. However,
the surface of the antenna is large and we do not have a sin-
gle graphene monolayer covering the entire area of the rec-
tangular patch. On the contrary, it is known that hundreds of
surface steps containing multilayer graphene and grains
boundaries are present around islands of graphene mono-
layers with diameters of 5-20 um. The technological process
flow is simple, involving two main steps: (i) graphene pat-
terning done by RIE etching and (ii) gold deposition fol-
lowed by a lift-off process. Optical UV lithography was
used. Typical edge roughness is <100 nm, which is orders of
magnitude below the minimum features related to micro-
waves frequencies.

Appl. Phys. Lett. 106, 153101 (2015)
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FIG. 2. (a) 3D Raman map of CVD grown graphene transferred on Si/SiO,
substrates. Mapping step used was 4 um. (b) 2D Raman map of CVD grown
graphene transferred on Si/SiO, substrates. Mapping step used was 4 um.

We measured the reflection parameter (|]S11|) as a func-
tion of frequency (f) for the graphene-based antenna from
Fig. 1 using an on-wafer probe station linked to an Anritsu-
37397D Vector Network Analyzer (VNA). The SOLT
(Short, Open, Load and Thru) calibration was performed to
calibrate the VNA before measurements. A CS-5 standard
CPW calibration kit was used. The graphene-based antenna
is DC biased using the probe station ground-signal-ground
(G-S-G) probe tips. So, the DC voltage is applied between
the central conductor and the grounds of the CPW using the
internal bias tee of the VNA coupled to a Keithley 4200-SCS
(Semiconductor Characterization System) able to provide
controllable voltage/current sources. The antenna is fixed on
a metallic plate playing the role of a backside metallization.
The results are displayed in Fig. 3 for X band.

We see an overall reflection loss of about —9 dB and two
resonances located at 8.8 GHz and 11.4 GHz, corresponding
to |S11| minimum values of — 12.2dB and —13.4 dB, respec-
tively, at O V applied DC bias (solid black trace in Fig. 3). We
see that the entire S11 dependence on frequency is shifted up
and down depending on the applied voltages, while the
resonances are shifted left or right with about 24 MHz. This is
due to the fact that the surface resistance of the antenna is
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FIG. 3. |S11](f) in X band for three different bias voltages: 0V (solid black
trace), 50 V (dashed trace), and —200 V (solid grey trace).

decreasing at 50V and, respectively, increasing at —200 V. We
see that, at 11.4 GHz, when the surface resistance is decreasing,
the matching of antenna is improving with 1.5dB while when
the surface resistance is increasing we lose about 0.4 dB. The

R L
‘ I
CPW —
(a)
——Re{Z11}, measured Re{Z11} simulated ==-Im{Z11}, measured
Im{Z11} simulated - - - Im{Z11}=0
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FIG. 4. (a) The equivalent circuit of the graphene antenna, (b) the measured
and the simulated input impedance of the antenna, and (c) the measured and
the simulated S11 represented on the Smith Chart at 0 V.
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large values of the DC applied voltage are due to the fact that
the slot widths are rather large: 350 um on x-axis and 600 um
on y-axis (see Fig. 1(c)), and so the field applied between the
graphene patch and the coplanar ground is rather small. In order
to understand the behavior of the graphene-based antenna
described above, we use the equivalent circuit from Fig. 4(a),
which was analyzed with AWR Microwave Office. The equiva-
lent circuit is an R—L-C series circuit, where R =R is the gra-
phene’s surface resistance and L =L; =L, is graphene surface
kinetic inductance. According to Ref. 18, in the unbiased case
L;=0.3nH, which corresponds to a reactance at 10 GHz equal
to X, = wL; = 19 Q. Further, R, is 120 Q, for unbiased case, and
C =1.104pF is the total calculated capacitance between gra-
phene and the underlying metallic surface used for measure-
ments. A CPW transmission line with the length of 9.55mm
and gap-signal-gap of 50-100-50 um (with a characteristic im-
pedance of 50 Q) is used to feed the antenna and inserted as a
component in the equivalent circuit from Fig. 4(a). The metal
thickness is 400 nm, and the thickness of the dielectric substrate
is 500 um. In Figs. 4(b) and 4(c), we have displayed the meas-
ured and simulated input impedance and the S11, and we see
that the experimental results fit quite well with simulated
results. From these latter curves, we can extract more precisely
the impedances corresponding to the resonances of S11 (they
are represented on the Smith chart by closed loops towards the
center of the diagram). We have the first resonance at
8.748 GHz (|S11| =—12.24 dB), corresponding on Smith chart
to R=31.56Q and X=—-7.734Q, and the second resonance

ES23D
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FIG. 5. (a) the radiation pattern measurement setup, (b) the detected signal
as a function of frequency for the radiation direction normal to the antenna
plane for a backside absorbent (dashed trace) and a backside metallization
(solid trace).
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located at 11.34 GHz (|S11| =—13.51dB), corresponding on
the Smith chart to R=67.57Q and X=17.91Q. We see that
the matching is not perfect but could be improved easily, since
the reactive part is small, and the real parts are not far located
from 50 Q. The matching can be further improved with a more
complex matching network.

The radiation pattern of the graphene-based antenna was
measured using the setup from Fig. 5(a). The antenna under
test was contacted on wafer with a G-S-G probe and used as
emitter. It was fed by a PSG Analog Signal Generator
(Agilent E8257C) with a 6-15GHz microwave signal,
modulated in amplitude (10kHz square AM). A X-band
waveguide flange was placed at a distance of 150 mm (satis-
fying far-field conditions in the X-band) and connected to a
10 MHz—40 GHz detector (Anritsu). The detected signal is
amplified by a SR560 LNA and plotted on an oscilloscope
(Tektronix DPO2024). Since the antenna has a thickness of
500 um, much smaller than the microwave radiation wave-
lengths, which are of the order of few cm at least, the
antenna will not only radiate above the radiation plane repre-
sented by slots but also below, thus reducing the radiation

H-Plane @ 7 GHz

Appl. Phys. Lett. 106, 153101 (2015)

efficiency. So, we have measured the detected signal at the
position (0,0)—perpendicular to the metallization—in two
conditions: (i) placing a microwave absorbent on the back-
side of the antenna and (ii) placing metallic surface on the
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FIG. 6. The radiation pattern of the graphene-based antenna with a backside
metallization normalized at the maximum value at (a) 7GHz and (b)
12 GHz.
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FIG. 7. The radiation pattern of the graphene-based antenna with a backside
microwave absorbent normalized at the maximum value, at (a) 8 GHz, (b)
10 GHz, and (c) 12 GHz.
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backside of the antenna. We can see in Fig. 5(b) that the
detected signal in the case the backside metallization is
much larger at 7 GHz and 12 GHz, while the detected signal
in the case of the backside microwave absorbent is more uni-
form. The 2D radiation patterns in the H-plane (orthogonal
to the feed line of the antenna) were recorded at 7 GHz and
12GHz in the case of the graphene-based antenna with a
backside metallized surface (see Fig. 6), and at 8 GHz,
10GHz, and 12GHz in the case of the graphene-based
antenna with a backside absorbent (see Fig. 7). The 3dB
beamwidth (when the received power is reduced by half
compared to the maximum) is between 40° and 80° for the
radiation patterns presented in Figs. 6 and 7. In the case of
the graphene-based antenna having a backside metallization,
there are no side lobes at 7 GHz with one side lobe appearing
at 12 GHz, meaning that part of the radiated microwave sig-
nal travels through the substrate towards the backside metal-
lization and is then reflected back, being added with the
frontside radiated signal. For the backside absorbent case,
although the effects of the backside radiation are strongly
diminished, multiple side lobes appear at 8 GHz and 12 GHz.
The simulated gain of the antenna is —8 dB without backside
metallization and —6dB with backside metallization at
10GHz. No calibrated gain measurements could be per-
formed with the available equipment (see Fig. 5(a)). The
radiation efficiency and gain are weak but can be improved
by reducing the sheet resistance of graphene. This can be
achieved by optimizing the technological process and the
antenna topology, including the graphene DC bias configura-
tion. In our case, we have biased graphene with a DC electric
field via coplanar configuration so the electric field is tangen-
tial to the graphene surface. In conclusion, we have shown
that a graphene-based antenna has unusual properties: the
reflection parameter (|S11|) of the antenna is shifted up and
down by the DC voltage improving the matching and, in
contrast with metallic slot or patch antenna working at the
same frequencies, the graphene-based antenna is wideband.
This is due to graphene, which in microwave can be seen as
variable resistor independent of frequency as it was initially
shown in Ref. 16. Although there are some papers treating
the simulations of microwave graphene antennas, published
especially in various IEEE conferences (for example, Refs.
19 and 20), this letter presents a fully experimentally charac-
terized microwave graphene-based antenna. The main appli-
cations of this antenna are RF communication, where due to
its inherent tunability, the graphene antenna is able to work
or switch on various channels in microwaves and microwave
electromagnetic field sensing. The first application is similar
to beamforming of the phased arrays,21 and the second is
similar to Ref. 22, both in the photonic domain.

We thank the European Commission for the financial
support via the FP 7 NANO RF (Grant Agreement No.
318352).
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