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The low conductivity and fragile mechanical toughness of conventional carbon material based films are
major barriers for their applications in modern electronics, especially in flexible radio frequency elec-
tronics, such as antennas. In order to optimize their performance, the electrical and mechanical prop-
erties of the materials need to be improved. In this work, flexible graphite films, fabricated by high
temperature thermal treatment of polymer precursor and subsequence compression rolling, are
designed and explored to create dipole antennas for radio frequency applications. It is shown that the
flexible graphite films with 808.8 cm?/V-sec carrier concentration have a high conductivity of 1.1 x 10% S/
m. We demonstrate that the resulting flexible graphite film dipole antennas can not only produce a
relatively high peak gain of 1.45 dB with comparable return loss, bandwidth, and radiation patterns to an
identical copper antenna, but also have excellent structure stability and mechanical flexibility. Moreover,
the density of the graphite film is 5 times less than the copper film. This indicates that the tailored
flexible graphite film could be a new alternative way to produce superb flexible and efficient radio-

frequency antennas.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The research and development of modern electronics is
committed to improving the function and reducing the overall size.
Flexible radio-frequency (RF) electronics are particularly attractive
for the enhanced functionality due to their ‘soft’ nature in appli-
cations such as smart conformal devices and tags [1—3], body-worn
wireless electronics [4,5], and the internet of things (IoT) [6].
However, it is important to recognize that the field of flexible RF
electronics is still in its infancy, and like most of the emerging
electronic technologies, new materials and advanced technologies
are the two driving forces for their further developments and
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practical applications.

Advanced carbon material based films exhibit more favorable
properties than most metals in flexibility, mechanical reliability,
weight savings and excellent environmental toughness. With such
advantages, coupled with excellent electrical conductivity, these
flexible carbon-based films have drawn the widespread attention of
applications in the next generation of flexible electronic devices.
Examples include strain sensors, stretchable transistors, flexible
displays [7—9]. And a variety of carbon-based materials including
carbon nanotube [10—12], multi-shelled fullerenes [13,14], carbon
fibers [15] and graphene [16,17], etc. have been used as assembly
materials to make films for RF and microwave passive components.
Recently, researchers have explored the applications of graphite
film to make active electronic devices due to their high electrical
conductivity and unique mechanical properties [18—24]. Never-
theless, it is worth to note that the graphite films are limited in their
performance owing to high sheet resistance, and is not competitive
with commercial metal films yet, particularly in passive electronics
such as antenna applications. Because relatively low electrical
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conductivity will lead to more losses of the device itself and lower
radiation efficiency and gain, particularly in passive electronics
[25—27]. A latest report established that brilliant thermal and
electron conductivity flexible graphene films could be achieved by
high temperature treatment of the precursor graphene oxide (GO)
films [28]. It can be found that the high temperature (~2000 °C)
annealing process improves both thermal and electronic properties
of graphene films, and it also leads to flexible graphite film or
multilayer graphene like structure due to the repaired layer
structure.

Inspired by flexible graphite film fabrication technique reported
in 1990s [29], we designed and prepared a flexible graphite film
(FGF) with an electrical conductivity as high as ~10°S/m by
carbonizing and graphitizing a polymer film, in this study poly-
imide. The post-treats product owing to its high in-plane oriented
structure endows the FGF with excellent planar electrical conduc-
tivity and low sheet resistant. To our best knowledge, the FGF has
few initial works apply to antenna and other passive devices. More
importantly, due to its high flexibility and excellent mechanical
strength, the FGF can be processed into any desirable shapes. This
overcomes the crucial fragile disadvantages that carbon based films
normally have.

In this paper, for the first time, we report to the fabrication of
FGF thermal annealing and roll compressing of a polyimide mem-
brane with the consideration of applications in flexible antennas.

With many advantageous features, the resultant highly flexible FGF
show excellent conductivity, low surface resistance, light weight,
strong stability, and environmental protection. The FGF dipole an-
tenna performance in terms of gain and return loss compares
favorably with various carbon material based antennas reported so
far. It is also important to point out that the ultra-thin FGF is
attractive because of its high antenna performance (comparable to
copper antenna) and its relative simplicity for antenna design and
fabrication. This work will be of great significance for wireless
communication and the environment.

2. Experimental
2.1. Preparation of FGF

The FGF is prepared in the following three steps: Firstly, the
structurally concerned polyimide precursor (PI membrane) is
slowly heated to 1300°C in a continuously vacuumed electric
furnace to decompose non-carbon atoms and form amorphous
carbon structure (carbonization) for 5—8 h. Secondly, the electric
conductivity is further improved by firing the carbonized structure
at ultra-high temperature (2850 °C) under Ar atmosphere lead to
the graphitic structure with completely generated C-C sp? hybrid-
izations. Finally, a rolling process, is firstly introduced here to
further get a high oriented FGF with densely packed structure.
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Fig. 1. (a) Digital photograph of FGF; (b, c) Raman and zoomed Raman spectras of FGF and Graphite; (d) XRD patterns of FGF; (e) XPS spectra corresponding to N1s region for the
FGF; (f)HRTEM of exfoliated FGF; (g, h) SEM images showing the cross-section of FGF with highly in-plane oriented structure and (i) The surface morphology of FGF. (A colour
version of this figure can be viewed online.)
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Table 1
Resistivity and conductivity of FGF and copper.
Samples Thickness Resistivity Conductivity Density
[pm] [Q-m] [S/m] [g/cm’]
FGF ~25 9x 1077 1.1 x 106 1.8
Copper 28 7.5 %1078 1.3 x 107 8.8

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded in a Polycristal
PANalytical X'Pert Pro apparatus using Ni-filtered Cu Ko radiation.
Raman spectra were measured using an excitation wavelength of
457.9 nm provided by a Spectra-Physics Model 2025 argon ion laser.
X-ray photoelectron spectroscopy (XPS) was measured on a
ESCALAB 250Xi instrument with monochromatic Al Ko Morpho-
logical and structural information was analysed with a JEOL
JEM6700 scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM, JEM-2100F).

3. Results and discussion

Fig. 1a shows a piece of rolled FGF, which demonstrates that FGF
have good flexibility and could be fabricated into a variety of shapes
and sizes according to the antenna design. The Raman spectras of
FGF and commercial graphite film are shown and compared in
Fig. 1b and c. In the spectra, FGF exhibits an intense G-band peak at
~1580 cm™ !, which is a fingerprint for the high crystalline graphite.
The intensity of D-band peak is much weaker than G-band peak,
indicating a minims disorder degree of graphitic structure. This is
also consistent with the obtained high G’-band (~2700 cm™!) from
the second-order Raman scattering [28]. In our fabrication process,
the graphitization was carried out at 2850 °C, ending with a coa-
lescence of neighboring sheets into continuous larger sheet (see

scheme in supporting materials, Fig. S2), which was confirmed by
the experiments carried out by Barreiro et al. [30,31]. Such struc-
tural transformation, demonstrates that a graphite film can be
fabricated from polyimide film through this graphitization process.
Unlike pristine graphite with AB Bernal stacking reflected by a
highly asymmetric G’-band that can be fitted into two Lorentzian
peaks (G'3DA and G'3DB, Fig. 1c), FGF possesses a completely
symmetric G’-band that can only be fitted into a single Lorentzian
peak (G'2D, Fig. 1c), revealing the presence of turbostratic stacking
between graphite layers due to the random overlaps of polyimide
film [32]. The XRD pattern of the FGF is shown in Fig. 1d. It can be
seen that the diffraction peaks of FGF are very sharp and intense.
The well-marked characteristic graphitic peak is located at around
26.5°, this not only exhibits an interlayer spacing (002) of 0.33 nm,
but also indicates a more regular packing of graphene layers with
longer correlation length due to the coalescence process after the
high temperature annealing [31]. The considerably strong diffrac-
tion peak (004) also reflects a high degree of graphitization of FGF.
It is worth to note that, the film is nearly fully graphitized, the film
still presents a slight N doping (0.54 at%) confirmed by XPS mea-
surements by XPS measurements (Fig. 1e and Fig. S3) due to the
initial polyimide precursor, and the detailed data of N percentage
change under different annealing temperature as shown in
Table S1. In our case, the slightly N doped film could contribute to
its high electrical conductivity. To further demonstrate the FGF film
structure, this conducting film was applied to a well-studied elec-
trochemistry exfoliation process to get single layer graphene sheets
[33]. From the HRTEM and TEM image of exfoliated graphene sheet
(Fig. 1f and Fig. S4), the sp? graphitic structure can be clearly seen.
This confirms that the basic assembly layer structure in FGF film is
single graphene sheet and polyimide has transferred entirely into
graphitic structure. The morphology of FGF nanostructure is then
characterized by SEM. As shown in Fig. 1g and h, the cross-section
SEM images of the FGF represents quite thin film of ~25pm
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Fig. 2. (a) Photo of FGF; (b) Photo of FGF for cutting; (c) The model of dipole antenna; (d) Photo of the FGF and copper antenna; (e) Measured |Sq;| of the antennas; (f) Measured |Sy1|

of the antennas. (A colour version of this figure can be viewed online.)
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thickness and a typical ordered stacking structure of graphene
layers. This reflects a highly in-plane oriented structure and
alignment of aromatic segments parallel to the basal plane, which is
in good agreement with the appearance of typical (002) and (004)
peaks in XRD pattern. Fig. 1i shows that the surface of FGF appears
to be rough in microscale.

The electrical conductivity of FGF is verified by the four-probe
detection (supporting materials, Fig. S1). As shown in Table 1, the
FGF possesses excellent electrical conductivity of 1.1 x 106 S/m and
surface resistance of 2.5 x 1072 Q/sq, close to copper conductivity
(1.3 x 107 S/m). The carrier concentration of the FGF is 808.8 cm?/
V-sec, which measured by Physical Property Measurement System
(PPMS-9). This feature indicates that the FGF can be applied to
make a good performance antenna. In Table 1, the film density of
FGF and copper are presented and compared. It can be seen that the
FGF is much lighter (around 5 times) than the copper as the density
of FGF is 1.8 g/cm® while the copper is 8.8 g/cm?>. The light-weight
nature of FGF is a huge advantage in applications such as wear-
able electronic devices.

Fig. 2a and b shows that the flexible FGF can be simply cut into
required shapes for different kinds of antenna designs. The design
of dipole antenna on FR-4 PCB substrate (Anhui Lianruan Education
Technology Co., Ltd.) is shown in Fig. 2¢c. The length of the arms [ is
68.82 mm, and the arm width w is 3.53 mm. The gap between the
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two arms g is 3.53 mm. The FR-4 PCB has a dielectric constant of 4.4
and thickness of 1.6 mm. To measure the performance, two arms of
the dipole antennas are connected by a SMA connector via
conductive adhesive (DOUBLE-BOND CHEMICAL DB2013). Fig. 2d
shows the FGF and copper dipole antennas of the same size made
on the FR-4 PCB substrate. The reflection coefficients (|Sq1]) of the
FGF dipole antenna and copper dipole antenna are measured in
microwave anechoic chamber with a Network Analyzer (PNA,
Keysight N5225A). As shown in Fig. 2e, the resonant frequencies of
both antennas occur at 865 MHz, while the FGF antenna has a
smaller reflection coefficient of —39.53 dB than that of copper an-
tenna (—30.51 dB). The —10 dB bandwidth of FGF is from 0.8 GHz to
0.96 GHz, which implies that above 90% power of the antenna is
transmitted in this band. Moreover, the fractional bandwidth (FBW)
of the antenna can be calculated by Ref. [34].

FBW = (f, — f1)/fo (1)

where f, is the upper frequency of —10dB bandwidth, f; is the
lower frequency of —10dB bandwidth and fy is the resonant fre-
quency of antenna. The results obtained by equation (1) shows that
the FGF antenna has a similar FBW (20.5%) with the copper antenna
(23.4%). In addition to FBW, the gain (G) is also an important
parameter of the antenna performance. Before measuring the gain,
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Fig. 3. Radiation pattern measurement in microwave anechoic chamber. (a) Schematic diagram of test system; (b) Photo of Elevation plane measurement; (c) Photo of Azimuth
plane measurement; (d) Elevation plane of antennas; (e) Azimuth plane of antennas. (A colour version of this figure can be viewed online.)
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the PNA is calibrated with the 85033E calibration of Keysight in
order to compensate the loss of the coaxial connection and the
adapter. The method used in this paper is to place two identical
antennas in the microwave anechoic chamber with a separation
distance r. Fig. 2f shows the forward transmission coefficient (|Sz1])
of two identical antennas. The gain of the antennas at the resonance
point can be calculated using the following equations [34].

S21/(dB) = P;(dB) + 2G(dB) (2)

Py = 20 log(A/4nr) (3)

where P; is path loss in dB, Ais the wavelength at the resonant
frequency, G(dB) is the gain in dB. After applying equations (2) and
(3), the gain of the FGF antenna is determined to be 1.45dBat
865 MHz, which is higher than that of many other carbon material
based dipole antennas (Fig. S5), and similar to that of the copper
antenna of 1.94 dB.

To further investigate the performance of FGF antenna, the ra-
diation pattern at 865 MHz is measured in the microwave anechoic
chamber. The schematic diagram of antenna measurement system
is shown in Fig. 3a, The FGF antenna and standard reference an-
tenna are connected with the PNA. The FGF antenna is placed on the
turn table as a receiver, and the standard reference antenna (REF
antenna) is fastened on the stand as a radiator. The PNA and the
antenna measurement system (Diamond Engineering Autonated
Measurement Systems) are connected with a GPIB for real-time
data reading and analyzing. It should be noted that the turn table
is controlled by the DAMS platform Controller, and the resolution
for both Azimuth (Az) and Elevation (EI) plane is 1°. The mea-
surements are made in the microwave anechoic chamber, as shown
in Fig. 3b and c. The Elevation planes of the FGF antenna and copper
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antenna are shown in Fig. 3d, and the Azimuth planes in Fig. 3e. It
can be concluded from the plots that FGF antenna and copper an-
tenna have the same radiation patterns. The FGF based dipole an-
tenna reported here shows a comparable performance to Copper
antenna may be readily generalized to other radio-frequency an-
tennas such as microstrip antennas (Supplementary Figs. S6 and
S7).

To investigate the flexible property and its effects on electrical
conductivity stability of FGF, the film volume resistance after
bending is measured, as shown in Fig. 4a. The FGF and wires are
fixed within two insulated clamps. Volume resistance is measured
by using a digital multimeter (Agilent U1242B). The electrical
resistance of FGF does not change after 100 times folding, which
demonstrates its significant performance stability. By the way, the
resistance of FGF is constant during the bending process, as shown
in Fig. S8. The copper foil with same thickness is broken after
twelve times bending, as shown in Fig. S9. As also presented in
Fig. 4b and Fig. S10, the reflection coefficient of FGF antenna is not
affected after 100 times bending. As aforementioned, bending the
dipole antenna horizontally shows negligible impact on the mate-
rial property and antenna performance. Without losing the gener-
ality, a more sophisticated antenna, an ultra-wideband coplanar
antenna with a potential application onto human’s arm (see sup-
porting material, Fig. S11) is designed and bent in both horizontal
and vertical directions. The dimensions and fabrication process of
ultra-wideband coplanar antenna are shown as Fig. 4c. A LPKF laser
engraver machine is used to outline the antenna patch on a PET
substrate with dimension of 26 mm*26 mm*0.06 mm. By using the
same PNA, the reflection coefficients (|S11]) of this flexible FGF ultra-
wideband coplanar antenna in different situations are measured in
anechoic chamber. As it can be seen in Fig. 4d, bending in different
directions are conducted and there is no significant influence on
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Fig. 4. (a) Resistance change of FGF with bending test; (b) |Sy1|of the FGF antenna (before and after bending); (c) The dimensions and fabrication process of FGF ultra-wideband
coplanar antenna. a=b =26 mm, ¢ =4.71 mm, w = 8.5 mm, | = 3 mm, g = 0.35 mm; (d) Performance comparison of initial/bending FGF ultra-wideband coplanar antenna. (A colour

version of this figure can be viewed online.)
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antenna performance as both curves of two bending cases show
good agreement with the original one. The values of —10dB
bandwidth for three cases range from 4.65 GHz to 15.62 GHz, which
also prove that the FGF material has excellent conductivity as well
as high flexibility.

4. Conclusion

In conclusion, this work for the first time demonstrates a flexible
graphite film (FGF) fabricated by high temperature annealing and
compression rolling of polyimide can serve as a dipolar antenna
with an excellent performance, better than those reported using
carbon nanotubes, fullerene and other carbon nanomaterials based
film. The FGF antenna possesses a gain as high as1.45 dB which is
comparable to its copper counterpart (1.94 dB). At the same time,
the FGF exhibits a significant stability in electrical conductivity and
reflection coefficient during the bending test. This suggests its
promising application as a new alternative material in flexible
radio-frequency antennas. In addition, the FGF is easy to process
into any kind of shapes to meet sophisticate antenna design re-
quirements. The density of FGF is also lighter than copper film.
During the synthesis process, it is noted that the polymer precursor
can be adjusted accordingly and the film making technique can be
expended and applied to other 2D materials. Thus, this research has
demonstrated that the FGF has great potential in antenna design
and radio-frequency applications.
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