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Nano-materials could endow electronics with some new function-
alities. A slot antenna with a tunable bandwidth, consisting of a
planar slot antenna with graphene at the end and a gap located
between the ground and a small patch, is proposed in this study.
The printed graphene inks deposited onto the antenna are made
of graphene powder and graphene oxide aqueous dispersion.
Graphene oxide sheets function as effective surfactants providing
assistance to form uniform inks; meanwhile, the tailored blending
proportions endow the graphene inks with optimized original
resistances. Dried graphene inks display alterable electrical resis-
tance under DC voltages and the variation in the resistance affects
the radiation of the antenna. The slot antenna realizes an operating
bandwidth (reflection coefficient |S;4] < —10 dB) from 2.83 GHz to
6 GHz and a maximum frequency shift of 0.54 GHz after applying a
DC voltage of less than 15 V. The graphene inks reported in this
work integrate the dual advantages of graphene and graphene
oxide. They not only provide stable and tunable graphene solution
to antennas, but also could expand their applications in many
other fields of electronic devices.

Introduction

Compared with 3G and 4G mobile communications, 5G
mobile communication requires wider bandwidth, higher data
rates, and more antennas than previous generations. With the
wide applications and rapid development of wireless com-
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munication information systems and Internet of Things (IoT),
the number of requirements in antenna design has increased.
A highly integrated antenna with a tunable bandwidth and low
energy consumption is urgently needed in order to simplify
modules and adjust frequencies flexibly. Besides, tunable
antenna technology can reduce the number and size of anten-
nas and improve radio frequency (RF) performance, as a conse-
quence, achieving better signal strength and higher speed
signal transmission. Thus, it is meaningful to investigate
tunable antennas. Frequency tunable antennas have been
studied for a variety of practical applications, including mobile
phones,’ cognitive radio applications,” satellite applications®
etc. By using PIN diodes,” varactors,” and microelectromecha-
nical systems (MEMS),® electrically tunable antennas can be
achieved. Recently, several kinds of new materials, such as
liquid crystals,” liquid metals,® and ferrites,” have been intro-
duced into tunable antennas. However, these tunable anten-
nas have limited performances or require complicated manu-
facturing techniques.

Over 50 years of Moore’s law, silicon is reaching its limits
as a fundamental material in the electronics industry. Another
element from the same family in the periodic table, carbon, is
expected to start a new legend. In recent years, graphene has
been researched extensively due to its extraordinary optical
properties,'® high electrical'™'* and thermal conductivity,"
and excellent mechanical properties.'*'> Because of these
characteristics, graphene has been reported as a promising
material for wireless communication systems and components
such as absorbers,'®'” reflective cells,'® antennas, >’
sensors,*® phase-shifters,*® filters,*® attenuators,”" and printa-
ble flexible electronics.*> Compared with aforementioned
materials, graphene can be easily manufactured and applied
in devices. The electrical resistance of graphene could be
simply changed by external electric fields, which alters the
electrical characteristics of graphene-based microwave devices.
Accordingly, graphene has great potential in various reconfi-
gurable or tunable devices. In ref. 19-27 and 43, frequency
tunable or reconfigurable antennas have been achieved.
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However, most of the antennas'®>"**?* were presented only
with theoretical analysis. Those with prototypes were either
operated on narrow operating bandwidths***”** or displayed
low frequency shifts.>*>°

In this study, a tunable wideband slot antenna based on
printable graphene inks is investigated. Different from the
methods of applying bias voltage described in ref. 27 and 39,
DC voltage is directly applied on the two ends of graphene,
avoiding the design and use of bias circuits or tees. In our
work, the printable graphene inks consist of graphene powder
and graphene oxide (GO) sheets. Due to the reduction by a
relatively low voltage of less than 15 V, the resistance of gra-
phene decreases, providing a tuning effect on the operating
bandwidth and frequency. In addition, the proposed antenna
demonstrates the feasibility of achieving wideband with a rela-
tively large frequency shift using only graphene-based
materials. The proposed tunable wideband antenna is
sufficient in common industrial applications, including RFID
tags,””** to manage inventory. Besides, the tunable antenna
working as RFID reader antennas could be integrated in wear-
able monitoring systems to prevent the blinds from environ-
mental damage.*> Moreover, the wide bandwidth and direc-
tional radiation of the slot antenna could provide reliable and
stable signal transmission between sensors and wearable
devices for disease detection,*® long-term health monitoring
etc. Such cost-effective, easily acquired, and printable graphene
inks could be further investigated in flexible tunable antennas
and other printable electronic devices.

Results and discussion

Graphene powder and GO dispersion were purchased from
Deyang Carbonene Technology Co., Ltd and Tanfeng Graphene
Technology Co., Ltd, respectively. Graphene powder was first
dispersed in deionized (DI) water by probe sonication (600 W,
1 h) without surfactants. Then the graphene inks were pre-
pared by mixing graphene (5 mg ml™") and GO dispersion
(5 mg ml™") in certain proportions followed by 1 h probe soni-
cation. All the sonication processes were performed in an ice-
bath, in order to avoid thermal reduction of GO. The ratios
were further confirmed by the original resistances of graphene
inks deposited on the antenna.

GO has been considered as surfactant sheets due to its
hydrophilic edges and hydrophobic centers in the basal
plane.””*® With the assistance of GO sheets, carbonaceous
materials such as CNTs, Cgy, and graphene could form
uniform aqueous solutions. They could be successfully applied
to specific application scenarios, such as highly conductive
films of electromechanical sensors,*® electrode materials for
supercapacitors,”® all-carbon solar cells,”* active layers of
photovoltaic devices etc.”> In this work, GO was used as an
effective binder to stabilize graphene sheets in water, forming
graphene inks. Once the two types of carbon materials were
mixed together in water, the oxygen groups on GO sheets func-
tioned as a surfactant to allow strong interactions between gra-
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phene sheets. Besides, the n-n interaction between graphene
and GO sheets also helped graphene powder to adsorb onto
GO basal planes upon drying. Hence, this approach of realiz-
ing stable solution based on graphene inks can open a new
application scenario in printable electronic devices.

The printable graphene inks were deposited onto the gap of
the slot antenna, as shown in Fig. 1a. The design and simu-
lations of the proposed antenna were carried out using an
ANSYS HFSS full-wave simulator, in order to confirm the
dimensions of each part in the slot antenna. The antenna con-
sisted of a ground plane with the dried graphene ink (length:
3 mm) in the end of the slot and a microstrip feedline
implemented on a Teflon substrate. The dielectric substrate
with a dimension of 25 mm x 15 mm x 0.8 mm and a relative
permittivity (e,) of 2.65 was processed. The thickness of the
copper layer used in the ground plane and feeding line was
35 pm. An L-shaped gap was embedded on the ground, thus
generating a rectangular patch in isolation with the ground to
connect DC voltage. Details of the antenna design and the geo-
metry of the proposed antenna are described in Fig. S1, S2 and
Table S1.7 Fig. 1b displays the simulated reflection coefficients
for the antenna containing graphene with different resist-
ances. According to the electromagnetic principle, the operat-
ing frequency and bandwidth of the slot antenna are related to
the length and width of the slot. In this paper, the length (/)
of the slot was set to be about a quarter wavelength of the
operational center frequency. For the slot antenna, the imagin-
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Fig. 1 (a) The structure of the proposed antenna. (b) Simulated reflec-
tion coefficients of the antenna containing dried graphene ink with a
length of 3 mm under different resistances.
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ary part of the input impedance shifts towards the inductive
area with a decrease in the resistance, leading to the down-
shift of the resonant frequency. In other words, the change in
the resistance of graphene varies the equivalent length of the
slot, which changes the operating bandwidth of the antenna.””
Bias voltage was adopted in several literature studies to alter
graphene resistances.*' However, the bias circuit or bias tees
will affect the electromagnetic performance of antennas, and
also pose a great challenge to device miniaturization in real
applications and increase the difficulty of circuit designs
(Table S27). Herein, DC voltage was directly applied to tune the
resistances of graphene substituting for bias voltage, avoiding
complex circuit design.

Optimizing the mixing ratio of graphene and GO, stable
graphene inks could be obtained with appropriate resistances.
Pure graphene powder had very low resistance (<20 Q) on this
antenna; GO was almost insulating and required a very high
voltage to change its resistance. Thus, both graphene and GO
couldn’t function as ideal tunable resistors in tunable slot
antenna applications. Fig. S51 displays the measured reflection
coefficients of antennas based on graphene with different orig-
inal resistances, which are obtained by different mixing ratios.
The resistances were ~185 Q, ~625 Q, ~1240 Q, and ~1480 Q
for the dried graphene inks mixed with ratios of 12:1, 10:1,
8:1, and 5:1 of graphene and GO.

Reflection coefficient measurements were performed using
a vector network analyzer (VNA) as presented in Fig. 2a. At
first, we used a source meter to apply DC voltage on graphene
and removed it when stable resistances were attained. Then, a
RF connector was attached to the antenna and the S-parameter
could be recorded using a VNA. It is notable that the |S;;| had
no obvious change in large resistances, which was consistent
with the simulated results shown in Fig. S4.7 Therefore, the
graphene ink with a ratio of 8:1 and an original resistance of
~625 Q was chosen for further studies. After depositing gra-
phene ink onto the slot, DC voltages (0-15 V) were directly
applied and the resistance of the dried graphene ink decreased
with increasing voltage. Here, three resistances of 625 , 200
Q, and 100 Q were chosen for further characterization, corres-
ponding to the applied DC voltages of 2 V, 13 V, and 15 V,
respectively. DC voltages were removed after the dried gra-
phene reached stable target resistances. Fig. 2b presents the
measured reflection coefficients of the antenna with the
decreased resistance. It can be seen that there was an obvious
shift bandwidth at around 0.54 GHz from 6 GHz to 5.46 GHz
in the upper band and almost no changes in the lower band.
As expected, variations in the resistance of graphene modified
the equivalent length of the slot, resulting in shifts in the reso-
nance frequency of the antenna. When graphene resistance
decreased, the resonance frequency presented a down-shift
and further affected the operating bandwidth (|S;1| < —10 dB)
of the slot antenna.

Raman spectroscopy (LabRAM HR Evolution) was used to
characterize the carbon structure of graphene inks using a
semiconductor laser (532 nm emission). The Raman spectra of
GO, graphene powder, and graphene inks shown in Fig. 2c
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Fig. 2 (a) The measurement setup of the S-parameter. (b) Measured
reflection coefficients versus frequency for the graphene ink with ~625
Q resistance before and after applying DC voltages. (c) Raman spectra of
GO, graphene ink, and graphene powder.

exhibit characteristic peaks, namely D-, G-, and 2D-band peaks
at ~1350, ~1580, and ~2700 cm™', respectively. As shown in
Fig. 2c, graphene powder presented a sharp G-band, a feeble
D-band, and a wide 2D-band, confirming that the powder had
a multi-layer graphene structure. The prominent D-band of GO
was slightly higher than the G-band, indicating that the GO
sheets consisted of abundant oxygen containing groups.
Compared to graphene and GO, the Raman spectra of gra-
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phene inks before and after application of DC voltages showed
all the three feature peaks consistently. The G-band is active in
sp>-hybridized carbon-based materials, while the D-band is
activated when the defects participate in the double resonance
Raman scattering near the K point of the Brillouin zone.
Therefore, the integrated intensity ratio I, of the D- to
G-band is used to estimate the defect quantity in carbon struc-
tures.>® The I ratio of the original dried graphene ink was
around 0.61, which was between the value of graphene and
GO. The high Ip, ratio not only originated from the GO
sheets, but also resulted from the fragmentation in graphene
and GO sheets induced by probe sonication. The Iy, ratio
decreased to 0.32 after applying DC voltages, manifesting that
the gradual reduction attributed to the effect of the applied
voltage effectively removed the oxygenated functional groups
from the GO sheets.”*” Resulting from the rapid reduction
under the DC voltage, the resistance of graphene ink decreased
from ~625 Q to ~100 Q. The optical microscopy images of GO,
graphene powder, and graphene inks obtained using an indus-
trial microscope (LV100OND) are presented in Fig. S7.7 A
number of reduction methods can be used to tune the electri-
cal resistance of GO, but they are not suitable for electronic
devices. High temperature of thermal reduction®® means large
energy consumption and cannot be appropriate for GO films
on substrates with a low melting-point. Chemical reduction®”
by reductants such as hydrazine,*® NaBH,,*" ascorbic acid®* or
hydroiodic acid®® may introduce impurities and residue, and
the hazardous chemicals cannot be used on the device sub-
strates. Electrochemical reduction® requires an electrophor-
esis device and buffer liquids. Obviously, DC voltage-induced
reduction proposed in this paper is an energy-efficient and
effective ex situ reduction method for GO used in the printed
circuit board (PCB) of electronic devices.®>®”

The measurements of far-field parameters, including gains,
efficiencies, and radiation patterns, were carried out in a
microwave anechoic chamber. The far-field performance of the
antenna was measured in the microwave anechoic chamber as
displayed in Fig. S3.1 The antenna was connected with a RF
connector in the turntable and fixed by tapes, and then the
measurements were conducted by a Satimo system in the
microwave anechoic chamber. Through processing the
sampled signal received by the antenna in stargate, the system
calculated all far-field performances. Fig. 3 depicts the
measured boresight gains and efficiencies which are essential
parameters for antennas. Gain refers to the ratio between the
signal power density of the antenna and an ideal isotropic
antenna along certain radiation directions. It quantification-
ally describes the radiation capacity of an antenna, which
means that the reading distance increases with larger gain and
it is directional. Efficiency is defined as the ratio of the
radiated power to the input power of the antenna, and it is cal-
culated by all the radiated (accepted) power of the antenna
which is non-directional. The measured results revealed that
the change in the resistance of graphene didn’t vary the trend
of gains and efficiency curves. It can be observed that the test
outcomes were in line with the trend that both the gain and
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Fig. 3 Measured boresight gains and efficiencies of the antenna versus
frequency at different resistances.

efficiency declined with the decreasing resistance, because gra-
phene exhibited the lossy-dielectric behavior before the appli-
cation of the voltage and moved towards the metallic behavior
after applying the voltage.**®® The maximum variations in the
gain and efficiency were about 2.30 dBi and 16.13%, respect-
ively. Although the gain and efficiency of the antenna were
reduced with decreasing resistance, the gains were larger than
—7.87 dBi and efficiencies were higher than 25.24% over the
whole operating bandwidth, satisfying with the original design
that the gain must be larger than —11 dBi and the efficiency
should be higher than 10%. Our design with a maximum gain
of —1.7 dBi and an efficiency of 53% are capable of being used
in sensor applications and RFID tags. In comparison with pre-
vious works, the proposed antenna has a higher efficiency,
wider bandwidth, and tunability. Furthermore, the tunability
over a wide band as well as the compact size of the antenna
provide the possibility for minimization and integration of
devices. The data of comparison are listed in Table 1.
Radiation patterns represent the strength of radio waves as
a function of the angle in the far-field and they represent the
radiation performance of an antenna in all directions. The
radiation patterns were measured at 3 GHz in the planes of ¢ =
0° and ¢ = 90°, respectively, because the antenna exhibited the
highest gain and efficiency around 3 GHz. By comparing the
measurement (Fig. 4a) and simulation results (Fig. 4b), it can
be observed that the addition of graphene didn’t distort the
general outline of the radiation patterns, and the differences
were mainly due to environmental variations in the microwave
anechoic chamber and the influence of repeated deposition. It
is clearly noticed that the antenna presents different radiation
strengths in distinct directions. In particular in the plane of ¢
= 0°, when the angle approached 90° or 270° the radiation
strength sharply decreased so as hardly radiated energy
outward. With the decrease in the graphene resistance, the
amplitude of radiation patterns in the two planes declined,
which was in accord with the trend of gain and efficiency
shown in Fig. 3. From the illustration above, the application of

This journal is © The Royal Society of Chemistry 2020
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Table 1 Comparisons with other previous referenced prototypes based on graphene ink

Ref. 29 44 45 46 This work
Gain (dBi) -2.18 -4 0.7 -0.6 1.7
Efficiency 40% 32% N. A. N. A. 53%
Operating frequency/bandwidth 889 MHz 984-1052 MHz 2.4 GHz 0.89-1.02 GHz 2.83-6 GHz
Size (mm?) 143 x 3 92 x 25 43 %3 141.17 x 3.53 25 x 15
Tunability No No No No Yes
N. A.: Not available.
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Fig. 4 (a) Measured and (b) simulated radiation patterns of the antenna
at 3 GHz.

graphene in the slot antenna didn’t deteriorate the overall per-
formance of the antenna, but its resonance frequency and
bandwidth was simply and effectively changed by external DC
voltages. The proposed slot antenna offers a feasible scheme
to design a tunable antenna integrated with graphene and can
be extended into antenna arrays to further enhance gain and
tunability.

Conclusions

A tunable wideband slot antenna based on printable graphene
inks consisting of graphene powder and GO has been demon-
strated in this letter. The GO here works as surfactant sheets
conducting stable aqueous graphene inks without any sup-
plementary surfactants, which may introduce further contami-
nants for electronic devices. Meanwhile, the original resistance
of graphene inks can be simply adjusted by the blend ratios
and concentrations of graphene-based materials. The cost-
effective and easily achieved printable graphene inks open a
new dimension in the field of printable wireless devices. By
applying DC voltage on the dried graphene ink, the change in

This journal is © The Royal Society of Chemistry 2020

antenna. The proposed antenna achieves a shifting bandwidth
of 0.54 GHz from 6 GHz to 5.46 GHz. The measured results
demonstrate the tunability of the operating bandwidth, and
are in good agreement with the simulation results and verify
the design concept. The tunable antenna implemented by
simple DC voltages has been recognized as a promising
approach to realize the miniaturization and highly integrated
circuits for communication devices. Furthermore, it also
enables great potential for wide applications of wireless flex-
ible devices and printable electronics with low power
consumption.
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