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The demand of emerging transparent and flexible wireless electronic devices
is ever-increasing for Internet of Things (loT) scenarios, like noninvasive
healthcare, real-time wearable electronics, etc. However, as an essential

part of the loT wireless communicational devices, radio frequency (RF)
antennas are still hampered by poor-flexibility, low-conductivity, and weak-
transparency. Here, based on the unique electronic and optical properties

of graphene, a method to obtain these appealing features concurrently
through promoting synergistic effect between two-dimensional (2D) and
one-dimensional (1D) materials is studied. It is found that this method could
not only successfully maintain transparency and flexibility, but also greatly

as an essential part of the IoT network
has attracted much attention in many
areas such as wearable applications.
Fully optical transparency becomes one
of the necessities for these devices, e.g.,
a recent study reported an under-screen
transparent antenna array, which was uti-
lized in the assembly of next-generation
cellphones.!!. The real-time noninter-
ruptive transparent and flexible wireless
communicational devices are needed in
a wide range of scenarios. For example,
transparency is in exact need in applica-

enhance the overall performance of the antenna. The fabricated antenna
exhibits a 75% light transmittance, from 5.6 to 12.8 GHz ultrawide bandwidth
and outstanding durability and stability. Moreover, a transparent and flexible
radio frequency identification (RFID) tag is also designed and demonstrated
with a remarkable reading distance. These findings show that the method

by promoting synergistic effect of hybrid materials has great potential in the
design of next generation novel and high-performance wireless electronics.

1. Introduction

Internet of Things (IoT) has been treated as one of the trending
technologies in recent years. Wireless communicational device

tions such as smart contact lenses for not
blocking the user’s vision while enabling
the noninvasive method for continuous
medical diagnosis.?? Furthermore, on
top of transparency, flexibility is also a
very important ingredient, especially for
wearable devices. Excellent flexibility of
such wireless electronics is also necessary
in order to closely match the curvature of
the eyeballs, reducing the discomfort of
patients.[*] To fabricate transparent and flexible wireless devices,
the main challenge remains the realization of transparent and
flexible antenna. Therefore, the demand of transparent and
flexible antenna has been rapidly growing in recent years.
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Unlike transparent and flexible screens,’! batteries!® and
circuits,”! which have been increasingly investigated over the
past decade, a transparent and flexible antenna for wireless
electronics remains as an underdeveloped topic. Conventional
commercial antennas are mainly made by plain metals, alloys
or nanoparticles, such as silver, copper or aluminum.’1%
There are many limitations of these metallic antennas, such as
low transparency and easily being corroded or oxidized. Addi-
tionally, a drastic change in impedance occurs when such an
antenna is bent or folded, resulting in the loss of communica-
tion efficacy. The ability to tolerate shape changes is vital for
wearable flexible electronics, as movement of the body and
wrinkling of clothes easily lead to shape changes of attached
antennas, thus degrading the performance of the antenna.l!*!2
To satisfy the needs of flexibility and transparency, high elec-
trical conductivity and stability of the antenna should also be
taken into consideration. From this aspect, the fabrication of
flexible and transparent antenna with high performance is very
difficult. New efforts using conductive polymers,!3 carbon
nanotubes,"*1% printed graphene paper/ink,'’-% MoS,?% and
2D MXenel?!l have been made to produce flexible and trans-
parent antennas. However, their poor conductivity and low
transparency are still hindering the performance and potential
applications of these antennas.

Graphene has been proven to exhibit attractive electronic
and optical properties due to its sp? orbital hybridization and
linear dispersion of massless Dirac fermions. This atoms-
thick material shows excellent transmittance of light as high
as 97.7%, extremely high carrier mobility with theoretically
200 000 cm? V71 s7! at room temperature and mechanical
robustness with intrinsic tensile strength of 130 GPa and Young
modulus of 1 TPa.?2-24 Besides, due to its flexibility, monolayer
graphene film can be bent or even folded.”>) Dense electronic
cloud allows perfect graphene film to be impermeable to all
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atoms and molecules under ambient conditions, even hydrogen,
making it an effective anticorrosion coating.?*?’l Furthermore,
graphene’s ultrahigh carrier mobility brings it great potential
for radio frequency applications. All of these properties under-
line that graphene can be considered as a highly competitive
material for flexible and transparent antenna.

Herein, we demonstrate a method for the first fully opti-
cally transparent and flexible antenna of real-time communica-
tion by promoting the synergistic effect between graphene and
silver nanowires (AgNW) when designing and fabricating the
devices. The wireless communicational element showed good
light transmittance, ultrawide frequency band performance,
excellent flexibility, and high reliability. Meanwhile, as a critical
demonstration, a fully optically transparent and flexible ultra-
high-frequency RFID antenna coupled with integrated circuit
(IC) chips was fabricated and tested by a portable RFID reader
system.

2. Results and Discussion

High flexibility and transparency would greatly broaden the
applications of wireless electronics in the future (Figure 1a, for
the electromagnetic spectrum and applications in communica-
tion technologies see Notes S1 and S2, Supporting Informa-
tion). After consideration, a nanomaterial composite graphene/
AgNW/ethylene vinyl acetate/polyethylene terephthalate lami-
nated film (graphene/AgNW/EVA/PET)?8 was chosen among
all candidates for the fabrication of flexible and transparent
antennas for wireless electronics. The composite was composed
of a uniform monolayer graphene film laminated on top of the
AgNW network layer precoated on the EVA side of an EVA/PET
double-layered substrate, as demonstrated in Figure 1b. The
graphene used for the antenna composite film was high-quality

a b
e EET ] Laser cuttin
.. [ -

Smart glasses

Smart vehicles

Wearable electronics

Flexible and transparent
wireless antennas

Figure 1. Schematic of the fabrication process and future applications of graphene/AgNW-based flexible and transparent antennas. a) Future applica-
tions of flexible and transparent wireless electronics, such as being a key component of smart glasses, smart vehicles or wearable electronics. b) Laser
cutting of graphene/AgNW/EVA/PET laminated film to shape the antenna. Notably, the antenna based on the graphene/AgNW/EVA/PET film is bend-
able and nonopaque and can thus be used for flexible and transparent wireless communicational antennas.
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Figure 2. Characterization of graphene and hybrid films for antennas. a) Photograph of CVD-grown graphene domains with 2 mm diameter. These gra-
phene domains on copper foil became visible after heating in air for 5 min at 200 °C. b) Photograph of the continuous graphene film transferred onto a
4 in. SiO,/Si wafer. ) Raman spectra of the large single-crystalline graphene film. d) Raman spectra of graphene/AgNW/EVA/PET film and AgNW/EVA/
PET film. The characteristic G band and 2D band of graphene are clearly shown. The letter “G” represents graphene. The graphene/AgNW/EVA/PET
film is e) flexible and f) highly transparent. g) Transparency comparison of film graphene/AgNW/EVA/PET and AgNW/EVA/PET. h) Sheet resistances
of graphene/AgNW/EVA/PET and AgNW/EVA/PET, which were averaged from 40 randomly selected places on each film, with error bars.

uniform monolayer graphene film with domain size of =2 mm
(Figure 2a—c, growth method?! see Note S3, Supporting Infor-
mation). Through hot lamination and electrochemical bub-
bling delamination,® the composite film graphene/AgNW/
EVA/PET was successfully obtained (details see Note S4 and
Figure S1, Supporting Information). Related Raman charac-
terizations were conducted for AgNW/EVA/PET and graphene/
AgNW/EVA/PET films. Graphene peaks are explicitly labeled
in Figure 2d. Characteristic G and 2D bands (<1582 cm™!
and =2681 cm™!, respectively) and almost negligible D band
of graphene indicated graphene was successfully transferred
onto AgNW/EVA/PET without damage.’®3 The graphene/
AgNW/EVA/PET laminated film shows excellent flexibility and
can thus be easily bent (Figure 2e). Interestingly, the laminated
film shows great light transmittance of =75% (Figure 2fg),
which is much higher than bare AgNW/EVA/PET without
graphene. The improvement in transmittance mainly results
from the melting and resolidification of EVA during the hot
lamination process, which makes EVA more permissive to light
transmittance. Therefore, although monolayer graphene has a
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light absorption of 2.3%, the overall absorption is significantly
decreased compared to the film without graphene. This method
to promote film transparency is not valid for AgNW/EVA/PET
films because hot lamination will drastically accelerate the oxi-
dation rate of AgNW, meanwhile, the melted EVA will damage
the hot-press machine without the protection of graphene.l?832

Besides, graphene/AgNW/EVA/PET film has better con-
ductivity, with a sheet resistance of 6 Q sq~!, while that of the
AgNW/EVA/PET film is =10 Q sq! (Figure 2h). This reduction
will lead less energy to be dissipated as heat.l3%l The improve-
ment in the conductivity may be due to the high carrier
mobility of graphene, and in another aspect, graphene could
improve the interconnection of the AgNW mesh through addi-
tional conductive channels across graphene grains. Further-
more, the existence of graphene over AgNW has been proven
to improve the heat dissipation generated by the AgNW grid.3
To prolong the lifespan of the antenna, the electrical conduc-
tivity of the material should be maintained at a desired level.
The covering of graphene on the AgNW grid could effectively
protect the NWs from being oxidized by either air or a more
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oxidative environment (see Note S6, Figures S2 and S3, Sup-
porting Information). The corrosion resistance of this material
indicates that it can be used for antennas with high reliability.
The synergistic effects between dimension-differentiated
materials, which were 2D graphene layer and 1D AgNW in this
case, not only helped to overcome these intrinsic problems from
poor corrosion resistance of AgNW and low overall conductivity
of monolayer graphene film, but also made the composite suit-
able for transparent and flexible antenna. First, the introduc-
tion of graphene as a 2D functional material to AgNW network
could change the conductive mode of the hybrid material from
wire-based (1D) to plane-based (2D). Therefore, the electrical
conductivity was further improved and the generated heat was
reduced. It was important for the over-all impedance of the
antenna to obtain a better compatibility with the integrated
chip. Second, the graphene film could protect AgNW from
corrosion, and its introduction enabled hot-pressing method,
resulting in the submersion of AgNW into the substrate of
EVA. Compared with traditional dimension-maintaining pro-
tection (e.g., jacket-type coating of 1D wires), this method
appeared to be a dimension-raising protection as 2D protec-
tive layer introduced, thus promoting the integration between
each component of a device without sacrificing their respective
performances. The corrosion experiments conducted by using
CH,N,S for drastic environment and air for mild environment
(details see Note S6, Figures S2 and S3, Supporting Informa-
tion) revealed that the resulted antenna had a better tolerance to
chemical corrosion. It showed both improved electrical stability
and better uniformity among different areas of antenna after
corrosion. Third, as for a higher transparency, the coating of
graphene enabled the hybrid material made by the hot-pressing

www.advmattechnol.de

technique, which further improved the transparency of the
element, resulting in a better light transmittance of over 75%
for the graphene/AgNW-based antenna. The implement of this
technique was another expression of synergistic effect between
components. This kind of synergistic effect exists widely among
different combinations of dimension-differentiated materials,
not limited only within AgNW and graphene. In this case, ben-
efiting from the synergistic effect between the graphene layer
and the AgNW grid, much higher electrical conductivity, more
stability and better light transmittance could be realized, which
is essential for a high performance, corrosion-resistant, long-
life, fully optically transparent and flexible antenna of wireless
communication.

Based on the laminated graphene/AgNW/EVA/PET film,
after considering the proper dimensions of the coplanar
waveguide (CPW) line and slots, we proposed the geometric
structure of a bow-tie slot antenna (see Note S7 and Figure S4,
Supporting Information). A schematic of the reflection coef-
ficient experimental setup for the graphene/AgNW-based
antenna is shown in Figure 3a. To evaluate the input power
acceptance level of the antenna, i.e., reflection coefficient, the
scattering parameter S;; was measured by a vector network
analyzer (VNA). Importantly, an antenna used in wireless
communication must provide a reflection coefficient less
than —10 dB over its frequency bandwidth, that is, [S;;] > 10 dB,
which indicates that more than 90% of the input power can be
transmitted.1®! As shown in Figure 3b, the resonant frequency
of the antenna occurs at 8.293 GHz, with the reflection coef-
ficient of —19 dB. The bandwidth for |S;;| > 10 dB is from
5.6 to 12.8 GHz, which is matched within the range of
ultrawide bandwidth from 3.1 to 10.6 GHz. To further
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Figure 3. Graphene/AgNW-based antenna and its fundamental wireless performance. a) Schematic of the reflection coefficient measurement for
the graphene/AgNW-based antenna. Inset: photograph of the antenna. b) Measured (dashed line) and simulated (solid line) reflection coefficients
of the graphene/AgNW-based antenna. c) Measured Z parameter of the graphene/AgNW-based antenna. d) Photograph of the radiation pattern
measurement setup in an anechoic chamber. A dual polarization horn antenna was used as the receiving antenna, whereas the tested antenna was
the graphene/AgNW-based antenna. The black square in the middle of the antenna is double-sided tape used to fix the antenna. e,f) Experimental 3D
normalized radiation patterns of the graphene/AgNW-based antenna at 6.0 and 8.0 GHz. Each plot center corresponds to —30 dBi. g) Reliability test
of the graphene/AgNW-based antenna’s reflection coefficients over the course of 20 days.
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Figure 4. Bending characteristics of the graphene/AgNW-based antenna. a) Schematic and photographs of the bending test experimental setup for the
graphene/AgNW-based antenna. The black strips (at the end) and squares (in the middle) in the figure are double-sided tape used to fix the antenna.
b) Reflection coefficients and c) normalized E-plane and H-plane radiation patterns at 6.4 GHz of the graphene/AgNW-based antenna subjected to a

series of bending angles ranging from 0° to 90°.

characterize the bandwidth of the antenna, the fractional
bandwidth (FBW) can be defined as[3%l

FBW = (f2 = fi) [fo (1)

where f; and f, are the lower and upper frequencies of
the —10 dB bandwidth, respectively; f, is the resonant fre-
quency of the antenna. The FBW of the graphene/AgNW-based
antenna is calculated as 86.8%. Thus, this antenna can be
referred to as an ultrawide band (UWB) antenna for wireless
communication.

To characterize the graphene/AgNW-based antenna, an
equivalent circuit model was proposed (see Note S8, Table S1,
and Figure S5, Supporting Information). The simulation was
performed with the Agilent advanced design system (Agilent
ADS) based on the proposed equivalent circuit using param-
eters extracted from measurements. The reflection coefficient
of the antenna in Figure 3b shows a good match between the
simulation and measurement results. According to the S;; res-
onances, the input impedances can be precisely extracted for
frequencies from 2 to 10 GHz (Figure 3c). The real and imagi-
nary parts of the input impedance changed with increasing
frequency, corresponding to the scanning curve on the Smith
chart (Figure S6, Supporting Information). At resonance fre-
quency fo = 8.293 GHz (S;; = —19 dB), the input impedance
Z = 43.133 + 6.295j indicates that the fundamental resonance
occurs at this frequency, and the graphene/AgNW-based
antenna is well matched with only 1.2% of the input power
reflected.

To further quantify the radiation properties, the normalized
radiation patterns of the antenna were measured in an anechoic
chamber (Figure 3d, Note S9 and Figure S7, Supporting Infor-
mation). The 3D normalized radiation patterns at 6.0 GHz and
8.0 GHz are shown in Figure 3e,(f (patterns for 2.4 GHz and
4.0 GHz are also provided in Figure S8a,b, Supporting Infor-
mation). An approximately omnidirectional radiation pattern is
observed in the H-plane for the 3D plot at 6.0 GHz, which is

Adv. Mater. Technol. 2020, 5, 1901057

1901057 (5 of 8)

suitable for reliable wireless electronics in smart homes, and
a nearly dipole-like radiation pattern in the E-plane appears,
as expected (Figure S8¢c, Supporting Information). The long-
term durability of the graphene/AgNW-based antenna over
the course of 20 days was also explored through cyclic testing
with daily measurement of the reflection coefficient. As shown
in Figure 3g, the variation in Sy; is almost negligible, implying
good electrical reliability of the antenna against oxidation and
corrosion, as expected.

For the flexibility test, the performance of the graphene/
AgNW-based antenna was measured under different bending
angles (Figures S9 and S10, Supporting Information). The
bending angle was inversely proportional to the radius of the
polystyrene mold. Note that the material of the mold did not
affect the surface currents of the antenna. In Figure 4a, the
antenna was measured at normal (0°) and bending (90°) angles
and held by paper tape at the proper positions during meas-
urements. As shown in Figure 4b, the reflection coefficients
show neither changes nor degradation when the antenna is
bent from 0° to 90°. In addition, the antenna was bent to 90°
in a 1000 cycle test, with almost no degradation in performance
(Figure S11, Supporting Information). Thus, the antenna
shows great stability under different physical deformations.
The normalized radiation patterns verify this result with almost
no significant change (Figure 4c, Figures S12 and S13, Sup-
porting Information).

To further evaluate the commercial potential of graphene/
AgNW-based antennas, a functional, flexible, and transparent
RFID tag assembled with an IC chip was designed, optimized,
and fabricated, with an operating UHF band of 850-960 MHz
(inset of Figure 5b and Figure S14, Supporting Information).
The working principle'®3738] is presented in Figure 5a (details
see Note S10, Supporting Information). The frequency depend-
ence of the impedance of antennas from 850 to 960 MHz is
illustrated in Figure S15 (Supporting Information), showing
that in contrast with a pure AgNW-based antenna, the adhe-
sion of graphene can greatly reduce the resistive component,
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Figure 5. Working mechanism illustration and tests of flexible and transparent RFID tags. a) Working principle of RFID. The RFID transceiver (e.g., a
reader) transmits energy to an RFID tag and reads the signal backscattered from it. b) The flexible and transparent graphene/AgNW-based RFID tag was
tested with the RFID reader. An info box popping up immediately after clicking indicated that the tag was read successfully. The inset shows photograph
of the graphene/AgNW-based tag. The times successfully read of c) graphene/AgNW-based and d) pure AgNW-based tags while the distance gradually

increased. The reading tests were repeated 10 times at each distance.

improve the imaginary part of the whole impedance and fur-
ther enhance the matching factor. The reading distances of
graphene/AgNW-based and pure AgNW-based RFID tags were
tested as a major reference factor. As one of the important
parameters of RFID tags, the maximum activation range Ry..
can be expressed as!7+’]

R =(4/47) |PyGreaaGrg T/ P o

where A is the carrier frequency wavelength; the product of P
Gieaq 1S determined by the reader, where P, and G,.,q are the
power transmitted by the reader and the gain of the reader
antenna, respectively; G, is the gain of the tag antenna; Py, is
the minimum threshold power to activate the tag chip; and 7
is the transmission coefficient, which represents the matching
level between the tag chip and the antenna. When the imped-
ance of the antenna is equal to the complex conjugate of the
impedance of the tag chip, maximum power transfer occurs,
and 7 = 1. To improve the reading range, higher Gy, and Tare
required for fixed A, Py, Gyeaq, and Py,. Thus, a larger reading
distance stands for a better compatibility between chip and
antenna, representing a better performance. At each distance,
we tested the tags 10 times and recorded the times of suc-
cessful reading (Figure 5c,d). The results reveal that the reading
distance of the graphene/AgNW-based RFID tag could reach
up to 130 cm, which is 2.6 times greater than that of the pure
AgNW-based tag (50 cm).

Our work shows great improvement compared with other
flexible and transparent antennas for wireless communica-
tion (Table 1), revealing that graphene/AgNW-based antennas
are promising for potential application in E-skin, noninvasive
healthcare monitoring, smart homes, flexible electronics and
automobiles.
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3. Conclusion

In conclusion, promoting the synergistic effect of 2D large
single-crystalline graphene and 1D AgNW was demonstrated to
be a brilliant way for the fabrication of flexible and transparent
antenna, because it could not only maintain both transparency
and flexibility but also greatly enhance the overall performance
of the antenna. The graphene/AgNW-based antenna showed
the light transmittance of over 75%. Excellent flexibility and
physical deformation stability were also achieved with an almost
negligible variation of reflection coefficients under different
bending conditions and 1000 times bending test. Besides, the
resulted antenna showed both good tolerance during the cor-
rosion experiment and antiaging features in the long-term sta-
bility test. Graphene/AgNW-based RFID tag was fabricated with
the reading distance of 130 cm, of which was much longer than
an AgNW-based RFID tag, thanks to a better-matched imped-
ance benefited from synergistic effect of graphene and AgNW.
Our methodology on promoting the synergistic effect between
1D and 2D nanomaterials for highly reliable, flexible and trans-
parent antennas will provide a new vision for the design of next-
generation wireless electronics. More importantly, this method
is also valid for a broader scope and appeals to a wide range of
audience, as both 2D graphene and 1D AgNW can be substituted
by other combinations of dimension-differentiated materials for
other specific applications besides radiofrequency applications.

4. Experimental Section

Characterizations of Materials: Characterization was carried out
using optical microscopy (Olympus BX51 optical microscope), SEM
(Hitachi S4800 field-emission scanning electron microscope), UV-vis
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Table 1. Comparison of the current flexible and transparent antennas for wireless communication.

Materials and Transmittance Flexible Sheet Resistance [ohms sq~'|@thickness Frequency Demo device Refs.

structures (IS11]> 10 dB)

2D MXene =49% @62 nm Yes =47@62 nm fo=2.4 GHz@ 8000 hm Yes [27]
=26%@114 nm =20@114 nm

Graphene ink - Yes - 3.8-15.5 GHz Yes 7]

Graphene nanoplatelets - Yes 0.19@62 000 nm =MHz Yes [19]

Graphene ink - Yes - 3.75-12.88 GHz - [40]

Monolayer graphene Yes No - fo=20.7 GHz - [41]

Ag nanoparticles with 52% Yes 19.5 fo=2.2GHz - [42]

SBS

Graphene sheet - - 65@500 nm 0.46-0.52 GHz - [43]

Carbon nanotube - No 10@350 nm 1.5-2 GHz - [15]

Monolayer graphene/ 75%@100 nm Yes 6@100 nm 5.6-12.8 GHz Yes This work

AgNW network

Note: fy: Resonance frequency.

spectroscopy (Perkin-Elmer Lambda 950 spectrophotometer), a four- Acknowledgements

probe resistance measuring meter (Guangzhou 4-probe Tech Co. Ltd.,
RTS-4) and Raman spectroscopy (Horiba HR800 Raman system with a
514 nm laser wavelength).

Laser Cutting of Antenna Pattern: The system used was a Universal
PLS 6MW with a 50 W CO, laser. During the cutting process, the laser
power was 3.0%, and the related speed was 16%. For each pattern,
the laser was used to cut twice in succession to improve the cutting
precision.

Electromagnetic ~ Simulations — and ~ Numerical ~ Analysis: Al
electromagnetic simulations and numerical analyses for the graphene-
based antennas were performed using a high-frequency structure
simulator (Ansoft HFSS) based on the finite element method and
Agilent ADS, respectively. In the simulations, the flexible substrate had
a dielectric constant of 3.9 and a low profile of d = 0.125 mm. The sheet
resistance of the graphene/AgNW was measured as R, = 6 Q sq”' using
the four-probe method, and the thickness of 100 nm was measured by
SEM. Furthermore, the RFID antennas were designed in the simulation
to match the impedance of the actual tag chip (RLT111G7, provided by
Ray-Links Corp.).

Antenna Measurement: Antennas were bonded to subminiature
version A (SMA) connectors with a typical impedance of 50 Q and
connected to a network analyzer (Agilent PNA-X series N5242A).

The graphene/AgNW-based antenna under test and the reference
radiating antenna were connected with the VNA. The graphene/AgNW-
based antenna was placed on a turntable as a receiver, and the standard
reference antenna was fastened on a stand as a radiator. The data were
recorded for every 5° rotation.

The reflection coefficient was measured with an Agilent PNA-X series
N5242A network analyzer, and the radiation patterns were obtained in
an anechoic chamber.

Manufacture of Graphene-Based RFID tag: RFID antennas were also
cut using the laser (see Laser cutting of antenna pattern), and RFID
chips (RLT111G7) were obtained from Ray-Links Corp. The work of
connecting the RFID antennas and chips was done with elargol by Ray-
Links Corp.
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from the author.
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