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Characterization of Graphene-based Ink for RF Applications

Davide Arcoraci!, Fabio Peinetti?, Pietro Zaccagnini' and Patrizia Savi?

Abstract— Carbon based materials (carbon nanotubes,
graphene) exhibit interesting physical properties and have been
recently investigated in many applications. In the family of
carbon allotropes, graphene has attracted particular attention
for its exceptional electrical properties. However, graphene as
many other carbon based materials, cannot be deposited on
substrates in bulk quantities without exploiting solvent casting
techniques, by means of inks. In this work, the electrical
properties of a graphene-based ink are analyzed. The graphene
film is deposited on a gap along a microstrip line with controlled
circular pattern geometry. Several prototypes are realized on a
RF substrate from Panasonic substrate. The surface impedance
of the graphene-based films and their scattering parameters are
measured for two different graphene deposition thicknesses.
The graphene film is modelled with a lumped element model.
The impedance values are used as a first estimation of the sheet
impedance in a full-wave analysis.

I. INTRODUCTION

Graphene is one of the most researched carbon-based
materials. It is characterized by valuable properties, ranging
from high thermal conductivity to high mechanical strength
and to high carrier mobility [1]. Graphene properties have
been studied in the fields of electronics and photonics but
also in mechanics and buildings [2]-[9].

With a proper solvent, graphene flakes can be dispersed
with different binders to produce inks. The inks can be used
with various printing methods to produce films. Films can be
realized with several techniques such as drop casting [10],
epitaxial growth [11], chemical vapor deposition [12], and
screen printing techniques [13].

These techniques are expensive and not suitable for mass
production. By using proper solvent and binders in order to
obtain a film that can be directly doctor-bladed on a dielectric
substrate of a device, commercialization and widespread
deployment are made possible.

Graphene films have found many applications as sensing
element in gas sensors [14], biosensors [15], [16], hu-
midity, temperature and pressure monitoring [17], [18] and
tunable device [19]-[23]. Graphene films have been gaining
the attention of researcher in the last few years in robot
manufacturing for strain, pressure and tactile sensors, skin,
arms etc. for cost-effective robots [24], [25].

For these applications it is very important to electrically
characterize the used graphene deposition both at low and
microwave frequency.
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In this work, a graphene-based ink is made and manually
deposited on a microstrip line printed on a Panasonic R-1566
substrate. The electric properties of the ink are analyzed at
microwave frequency so to obtain a circuital model, working
in the 500 MHz to 5 GHz range. The impedance of the
simulated model is confirmed by the a direct measure of
the impedance of the deposition. The surface impedance
values obtained with the circuit model analysis are then used
as starting point for a full-wave characterization with CST
software.

In Section II the ink preparation method and the de-
position technique are described into detail. In Section III
the impedance of the deposition is measured by means of
a frequency response analyzer. The scattering parameters
of a reference line and lines with the graphene deposition
are evaluated with a vector analyzer. Lumped elements
simulations and full-wave simulations are performed and the
results compared with the measurements. In Section IV some
conclusions are drawn.

II. INK PREPARATION AND DEPOSITION
A. Ink preparation

The graphene-based ink was prepared according to the
following procedure. Polyvinylidene Fluoride (PVDF, Ky-
nar® HSV 1800 provied by Imerys) was first dispersed
into N-Methyl Pyrrolidone (NMP, provided by Sigma) at
60°C, under stirring conditions, to fasten the dissolution
process. The graphene powder (provided by Nanolnnova,
NIT Graphene Nanoplatelets) have a surface area to weight
ratio of 45 m?/g with a carbon content of 98.9 wt%. Material
characterization and detailed description of the graphene
nanoplatelets can be found in [26]. The graphene powder was
added as soon as the PVDF dispersion became homogeneous.
The ink was let stir overnight to guarantee a homogeneous
dispersion. The ink formulation was 9:1 in weight graphene
powder:PVDE. The amount of solvent was 0.1 mLyyp/mgpypy-

B. Deposition on a microstrip line

The graphene-based ink is deposited on a microstrip line.
The substrate of the line is Panasonic R-1566 (nominal €, =
4.6, tan d = 0.012) of thickness 1.6 mm. The copper layers
are 35 micron thick. In order to achieve a 50 2 impedance,
the line was chosen to be 2.9 mm width. The total length
of the line is 60 mm with a gap of 2 mm in the middle.
The graphene ink was deposited in the 2 mm gap, ensuring
coverage of the copper strip line, guaranteeing physical and
electrical contact. (see Fig. 1).

The graphene deposition was realized with a masking
process carried out by means of a physical mask made of



Fig. 1: View of transmission line with the circular graphene
film.

adhesive Kapton® mask (75 micron thick) with one or two
layers overlapped. In the case of one layer mask, the average
thickness of the graphene deposition is 110 micron, whereas
in the case of two-layers mask the deposition results to be
190 micron.

Fig. 2: Adhesive Kapton mask (single layer).

Fig. 3: Microstrip transmission lines with graphene deposi-
tion.

III. RESULTS
A. Impedance measurements

Impedance measurements were carried out in the fre-
quency range [10°,107!] Hz by means of a frequency re-

TABLE I: Averages and deviations of the resistance value in
the frequency range [10%,107!] Hz.

Sample Name | Nr. Kapton mask layers | Zyem () | 0uer(mQ)
B2 2 8.3 9.40
B4 2 4.9 5.01
G2 1 16.4 12.20

sponse analyzer (FRA32-M, provided by Metrohm). The am-
plitude of the probe signal was set to 5 mV and the spectrum
was sampled 10 points per decade. In Fig. 4 it is possible to
see the frequency response of the three microstrips, B2 and
B4 microstrips present a costant impedance across the spectra
of respectively 8.2 2 and 4.9 Q). G2 microstrips with doubled
layer respect to the first two, present a constant impedance
of about 16.4 Q. The ratio Zg2/Z g2 coherent with expected
result. The discrepancy with the B4 most probably is due to
manual processing errors linked to graphene deposition step.
The results are further summarized in Table I
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Fig. 4: Impedance measurements: Bode and phase plot.

B. Scattering parameters measurements

The scattering parameters of a reference line (without
gap) and of the lines with graphene pad deposited on the
gap are measured with a two-port USB vector analyzer
(VNA, P9371A) by Keysight, Santa Rosa, CA, USA. in the
frequency range 0.1 GHz to 6 GHz. A standard two-port
calibration is performed with an E-cal, N7552A, DC - 9
GHz calibration kit.

In Fig. 6 and Fig. 7 the measured scattering parameters
are reported. The dotted line represents the reference line
without the gap. The other two curves account for graphene-
ink filled gap measurements. The frequency decrease in the
So1 is due to dielectric and copper losses.

From Fig. 6 the transmission coefficient is lower in the
case of the double layer Kapton mask graphene deposition
(continuous line) with respect to the single layer one (dashed
line). Such a phenomena is linked to the graphene deposition
thickness and it can be noted that a similar behavior is
observed in the reflection coefficient in Fig. 7.



Fig. 5: Measurement setup: a two-port USB vector analyzer
by Keysight and the microstrip line with graphene deposition.
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Fig. 6: Measured transmission coefficient of the reference
line and graphene depositions with single (G2) and double
layer Kapton mask (B2).
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Fig. 7: Measured reflection coefficient of the reference line
and graphene depositions with single (G2) and double layer
Kapton mask (B2).

In Fig. 8 the transmission coefficients of two graphene
depositions, realized with a double layer Kapton mask,
are reported. The reproducibility of the measurement is
highlighted by the small difference in the So; of the two
prototypes. In Fig. 9 the two curves are similar each other.
A slight difference could be noted and is probably due to
the SMA connector soldering.
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Fig. 8: Comparison between the measured transmission coef-
ficients of two different prototypes with double layer Kapton
mask graphene deposition.
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Fig. 9: Comparison between the measured reflection coeffi-
cients of two different prototypes with double layer Kapton
mask graphene deposition.

C. Lumped-element model

In this section the lumped element model is described. It
is developed by fitting the measured scattering parameters,
discussed in Sec. III-B. The model was developed by means
of ADS software from Keysight and is already reported in
several works [27]-[29]. From Fig. 10, the gap is modeled
by a capacitance C),, and its loss term R,. The parasitic
capacitances between each line and the ground plane are
accounted for by an RC group (C;, and R;,, Cy and Ry
respectively). The resistive element is linked to the dielectric
losses. Due to symmetry those components are equal each
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Fig. 10: Lumped circuital model of the deposited graphene
film.

other on the two sides of the gap. C,,, is due to the formation
of nanoscale capacitors among the graphene flakes. R is due
to the presence of the graphene deposition and it is also the
only remaining element at null frequency (DC). The model
seems to be able to describe both the single layer and double
layer Kapton mask graphene deposition. In order to model
the two cases, all the model parameters are left unchanged
(see Table II). The parameter that should be changed is R
that is about 8 (2 in the case of single layer Kapton mask
graphene deposition and about 18 2 in the case of double
layer Kapton mask graphene deposition.

TABLE II: Lumped model Simulation parameters: single

layer Kapton mask and double layer mask graphene deposi-
tion.

Parameter (unit) | Value
Cpp(pF) 0.07
Rp(2) 25.5
Cp(pF) 4.2
Ry (£2) 193
Cg1(pF) 0.1
Rgr(€)) 193
Cyr(0F) 0.1
Rin(2) 193
Cin(PF) 0.01
Rout () 193
Cout(pF) 0.01

Simulation results and a comparison with the measured
scattering parameters are reported in Fig. 11 and Fig. 12 for
the graphene deposition with a single layer Kapton mask and
in Fig. 13, Fig. 14 for the double layer kapton mask graphene
deposition. A good matching between the simulated and the
measured curves can be appreciated for both the graphene
deposition thickness.

D. Full-wave simulations

Full-wave simulations are performed using CST Studio
Suite and compared with the results obtained in the previous
sections. The simulations exploit a frequency domain solver
with an adaptive meshing refining. In Fig. 15 the simulated
geometry is reported.

The substrate of the microstrip is defined as a material with

» = 4.6 and tand = 0.021 at 2 GHz. The graphene ink depo-
sition is modelled as a flat, round-shaped surface impedance.
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Fig. 11: Measured and simulated Transmission coefficient
comparison for a single layer Kapton mask graphene depo-
sition (G2).
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Fig. 12: Measured and simulated reflection coefficient com-
parison for a single layer Kapton mask graphene deposition
(G2).
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Fig. 13: Measured and simulated Transmission coefficient
comparison for double layer Kapton mask graphene deposi-
tions (B2, B4).
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Fig. 14: Measured and simulated Reflection coefficient com-
parison for double layer Kapton mask graphene depositions
(B2, B4).

Graphene ink deposition

Fig. 15: Geometry for the full-wave simulations

For the double layer Kapton mask graphene deposition R(Z)
is set to 20 ©/sq, while for the single layer Kapton mask a
45 Q/sq impedance was chosen. The imaginary part is zero
as suggested from the impedance measurements reported
in Sec. IMI-A. Since the sheet impedance is in §2/sq it is
necessary to convert into 2 for a better comparison with
the measured value. Given an aspect ratio of 2/3 (length
of the gap over width of the microstrip), the corresponding
impedance is 13 € and 30 2, respectively. Those values are
of the same order of magnitude obtained with the impedance
measurements (see Sec. III-A) and of ADS simulation (see
Sec. III-C).

Full-wave simulation results are reported in Fig. 16 in the
frequency range 500 MHz to 5 GHz and compared with the
measurements.

IV. CONCLUSIONS

A graphene-based ink to be manually deposited on a mi-
crostrip circuit is fabricated. Graphene circular deposition of
two different thicknesses (110 ym and 190 pm) are modeled
through a lumped-element circuit. Electromagnetic behaviour
of both films was simulated with ADS in the 1 GHz to 5 GHz
range. The scattering parameters of the microstrip lines with
the graphene ink is measured and fitted by means of RC
series groups. Simulated and experimental results were found
to be in accordance with each other. Also the measured
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Fig. 16: Measured and Full-wave simulation of transmis-
sion coefficient comparison for a single layer Kapton mask
graphene deposition (G2) and for a double layer Kapton
mask graphene depositions (B2, B4).

impedance provides a further confirmation of the proposed
model. This equivalent lumped circuit can be extended to
characterize films with different graphene thickness. The
circuit model has been used as first step for defining the sheet
impedance of full-wave simulations. Graphene depositions
used in sensing devices and robots applications can be
studied by using the present characterization from DC to
high frequency.
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