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Abstract – Graphene flakes can be screen printed
on different substrates through the preparation of inks
with a proper combination of solvents and binders. In
this article, an equivalent lumped circuit model of a
graphene film is obtained by fitting the measured
scattering parameters of graphene-loaded microstrip lines
with Cadence AWR software simulations.

1. Introduction

Films loaded with graphene nanoplatelets (GNPs)
have gained great attention in recent decades. Through
the preparation of inks with a proper combination of
solvents and binders [1], films can be deposited on
different substrates. The main techniques to deposit
films are blade coating, inkjet [2, 3], and screen printing,
as described in detail in [4]. Each technique requires
proper ink preparation [5]. In particular, screen printing
calls for quite viscous and thixotropic pastes. Therefore,
a certain amount of binder or rheology modifier needs to
be added to the paste formulation. Hence, the binder
cannot be completely removed by thermal treatment
when screen printing is performed on polymer-based
substrates. Graphene films are used in many applications
in the optical [6], RF, and millimeter-wavelength range
as gas sensors [7], humidity sensors [8, 9], glucose sensors
[10, 11], tunable devices [12, 13], flexible electronics [14,
15], and electromagnetic (EM) absorbers [16]. For films
loaded with graphene, even if in many applications a
graphene film can be easily described by using its sheet
resistance, a customized model should be introduced to
account for all the substances present in the deposition
[17]. For sensing applications, characterization of graphene-
based films with an electric equivalent circuit and
knowledge of the variation of the circuit parameters
due to interaction with the target molecules is helpful.
Consequently, knowledge of the EM properties of graphene
at microwave frequency is crucial. However, there has
been little research on the characterization of graphene
films at microwave frequencies [18]. The circuit models
at microwave frequency are generally based on series or
parallel RLC resonators. In [16, 19], the authors introduce
two models to describe graphene inks below (Davidson–
Cole model) and above (Lorentz model) the percolation

threshold. Two types of GNP-based inks were tested with
8 wt% and 12 wt% of polymethyl methacrylate in
solution with an organic solvent. An equivalent circuit of
the polyaniline polimeric matrix (PANI) and graphene
nanocomposites formed by a parallel of a capacitor and a
resistor, plus a series resistance taking into account the
PANI, is introduced in [20].

In this article, a description of graphene films with
a lumped circuit model is introduced, and the binder
and graphene are individually modeled. The model is
obtained by fitting, in the microwave range, measured
S parameters on AWR Microwave Office software
(version 22.1). Starting from the preliminary model
described in [21], the binder and the GNPs are individually
modeled. In the enhanced model of this work, the fitting
of the parameters is greatly improved over the frequency
range, and many circuit elements are added to deal
with microscopic effects taking place at microwave
frequency. The proposed equivalent lumped circuit
model proves suitable as an initial step toward the full-
wave EM modeling and analysis of graphene-loaded
microwave structures intended for sensing and tuning
applications.

In Section 2, the microstrip circuit and film deposition
are described. Section 3.1 deals with the model of the gap
filled with a binder: ethyl cellulose (EC) film. In Section
3.2, the model of the film loaded with graphene flakes of
weight fractions of 25% and 33% is introduced. In Section
4, the measured S parameters of the microstrip lines with
binder alone and with graphene films are compared with
the results obtained by the model.

2. Microstrip Lines and Film Deposition

To obtain a circuit model of a film loaded with
graphene, a simple microstrip line with a gap is
considered (Figure 1). Across the gap, the ink with the
chosen composition of graphene is deposited by a screen-
printing technique. In this work, graphene nanoplates are
used with weight fractions of 25% and 33%. Screen-
printing paste was made of EC (viscosity 10 cP, 5%
toluene–ethanol, and 48% ethoxyl) binder–stabilizer, α-
terpineol solvent, and graphene flakes as the active
ingredients. Component ratio (weight percent) was
9.5:65.5:25, respectively. All components were mixed
in ethanol stirred for 2 h and finally sonicated with a
titanium horn for 15 h. Ethanol was removed by rotary
evaporation to attain a printable paste. Ink was deposited
layer by layer with a 90 T polyester screen-printing mesh.
Three layers were sequentially printed onto an FR4
substrate achieve a 30 μm film thickness. Film
dimensions measured up to 3 mm 3 3 mm. The coating
was dried at 125 °C for 2.5 h [22].
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3. Circuit Model of the Film

First of all, instead of using the default microstrip
gap element (MGAP) available in AWR software with
discrete components [23], a specific model of the gap is
developed to obtain a better description of the
percolative paths and dielectric loss. Furthermore, a
series resistance (Rs) successfully models the sheet
resistance, measured in [7]. First, a model for the binder
alone, EC, is developed (see Section 3.1). Based on this
preliminary analysis, the final model describing the
behavior of a graphene film with a weight fraction of
25% is derived (see Section 3.2).

3.1 Binder-Filled Gap Model

The default MGAP available in AWR software has
some limitations on the dimensions of the gap (0.1 , S/
H , 1, 0.5 , W/H , 2.5) [23, 24]. To describe a gap
with a geometry not included in the previously cited
range (in our case S/H¼ 1.65 andW/H¼ 1.9; see Section
4), a new model of the binder-filled gap is introduced (see
Figure 2). The red-squared box is the core, which is
modified to fit graphene deposition’s S parameters (see
Section 3.2) by adding other circuit elements. For the
classical model, made up of a capacitive pi network [24],
series resistors are added. A further variation includes the
presence of an inductive element. In Figure 2, the
transmission lines connected to port 1 and port 2 are not
shown. The inner capacitors toward ground (Cgl, Cgr)
model the parallel plate capacitance between the microstrip
connected to port 1 and port 2 and the ground plane, in
correspondence to the gap. On the other hand, Cg accounts
for the capacitance between the two lines, separated by the
dielectric binder; the Cg value is about eight times lower
than the capacitances Cgl, Cgr (Table 1). We consider Cgl ¼
Cgr. Rg, Rgl, and Rgr account for losses in the dielectric at
high frequency. Due to the high loss tangent, the

corresponding resistance is on the order of one hundred
ohms. The resistor, named Rs in Figure 2, represents the
sheet resistance and models the percolative path in the EC
filler. Because the binder matrix is basically dominated by
the dielectric compound, the low efficient electron
tunneling causes Rs to be large, namely, 34 kΩ. As
pointed out in several works [21, 22], the real part of the
impedance is influenced by variations in the actual
composition of the compound: an increase in the graphene
weight fraction corresponds to a reduction of the resistance
and vice versa.

3.2 Graphene-Filled Gap Model

In this section, the graphene weight fractions of
25% and 33% film deposition are analyzed. Because
graphene ink requires an adhesion element, such as EC,
to be printed and due to the impossibility to remove the
binder, even with thermal treatment, the developed
model accounts for both the effects of graphene and EC,
which is the reason a model for the binder was
developed (see Section 3.1). The circuital topology of

Figure 2. Binder-filled gap circuit.

Table 1. Binder electrical model parameters

Parameter (unit) Value

Rs (kΩ) 34
Rg (kΩ) 2.98
Cg (pF) 0.0107
Lg (pH) 15.8
Rgl (Ω) 91
Cgl (pF) 0.085
Rgr (Ω) 91
Cgr (pF) 0.085
Rin (Ω) 3.4
Cin (pF) 0.38
Rout (Ω) —
Cout (pF) —
Cpp (pF) —

Figure 3. Graphene-filled gap circuit.

Figure 1. Top view of the microstrip line with a centered gap.
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Figure 2 can be found in Figure 3 (red box), too.
However, circuit parameters are changed to properly fit
chemically different EC–graphene deposition as re-
ported in Tables 2 and 3. Moreover, some components,
placed inside the green box, are added to improve the
S-parameters fitting. In particular, the parallel capacitor
Cpp accounts for the creation of nanoscale capacitors,
whose conductive element is the graphene platelet and
the binder acts as dielectric material [21]. Moreover, an
RC series element is added at the output node, making
the circuit symmetric (Rin ¼ Rout, Cin ¼ Cout). The
increase in percolative paths is linked to a reduction in
resistive elements and, in particular in Rs, which falls
from 34 kΩ to 425 Ω. The comparison of Tables 1 and
2 shows that also the other resistors are strongly
decreased. The same reasoning applies when increas-
ing the graphene weight fraction up to (33%); in this
case, Rs is further reduced to 207 Ω (Table 3). The
value of Rs can be used to evaluate the sheet resistance
defined as

Rsheet ¼ Rs

W

S
ð1Þ

The resulting sheet resistance is 425 Ω/sq, using a
unitary aspect ratio. The calculated value is the DC
resistance between node A and node B, and it is very

close to the measured value, namely, 440 Ω/sq, obtained
in [21] with the same type of deposition. The inductance
Lg, Cgl, and Cgr are left unaltered, as shown in Tables 1
and 2 by comparison.

4. Results

A 35 mm long copper microstrip line, correspond-
ing to 50 Ω, was etched on FR4 substrate of thickness
H ¼ 1.57 mm, ɛr ¼ 3.9, tan δ ¼ 0.03, ρFR4 ¼ 17.24 mΩ
μm. The width (W) of the microstrip line was chosen to
be 3 mm to have a 50 Ω impedance. A gap of length S ¼
2.6 mm was left in the middle to host the graphene film
(see Figure 1). The size of the deposition was 3 mm 3 3
mm, because 0.2 mm was overimposed on the lines on
each side to guarantee an electric connection (see Figure
4). Three types of microstrip circuits were manufac-
tured: one with an ink made with the binder alone and
the other two with a deposition of two layers of
graphene of 25 wt% ink and 33 wt%. The scattering
parameters of the microstrip lines with the film (binder
alone and binder with graphene) were measured with
a two-port Vector Network Analyzer by Keysight
(P9372A) from 200 MHz to 4.5 GHz. Figure 5 shows
the simulated S21 (solid lines), compared with the
measured one (dashed lines) for the unfilled gap. The
S parameters remain unchanged when the gap is
binder filled because the relative dielectric constant
and the loss tangent of the cellulose derivative binders
are of the same order of FR4. The circuit parameters

Table 2. Graphene weight fraction (25%)
electrical model parameters

Parameter (unit) Value

Rs (kΩ) 0.425
Rg (kΩ) 1
Cg (pF) 0.032
Lg (pH) 15.8
Rgl (Ω) 28
Cgl (pF) 0.085
Rgr (Ω) 28
Cgr (pF) 0.085
Rin (Ω) 36
Cin (pF) 0.2
Rout (Ω) 36
Cout (pF) 0.2
Cpp (pF) 0.029

Table 3. Graphene weight fraction (33%)
electrical model parameters

Parameter (unit) Value

Rs (kΩ) 0.207
Rg (kΩ) 1
Cg (pF) 0.032
Lg (pH) 15.8
Rgl (Ω) 28
Cgl (pF) 0.085
Rgr (Ω) 28
Cgr (pF) 0.085
Rin (Ω) 81
Cin (pF) 0.216
Rout (Ω) 71
Cout (pF) 0.22
Cpp (pF) 0.24

Figure 4. Microstrip with unfilled gap (a) and filled with graphene-
based ink (b).

Figure 5. Binder-filled gap: measured reflection and transmission
coefficient (dashed line) and simulated (solid line).
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used in the simulation are reported in Table 1. The S
parameters (S12 and S22) are not plotted because they
are close to S21 and S11, respectively. Measured
(dashed line) and model-derived fitted data (solid line)
of the transmission coefficient are compared in Figure 6
for the graphene-filled gap (25 wt% and 33 wt%). Both
magnitude and phase are analyzed. No phase differences
can be appreciated between the two percentages of
graphene, while a reduction (absolute value) in S21 can
be observed when increasing the graphene weight
fraction. This effect may be due to the increase in
percolative paths, confirmed by a reduction in the
sheet resistance.

Even if not reported, as expected from the previous
result, S11 decreases when increasing the weight fraction.
Overall, good agreement is observed between the
measurements and the circuit model over the range 200
MHz to 4.5 GHz. Between the measured data and the
fitted data, a difference lower than 1 dB is obtained for
both the transmission coefficient (Figure 3) and the
reflection coefficient (not reported here). The results
obtained in this work and the results of other graphene-
based ink depositions made with the screen-printing
technique are listed in Table 4. The values of DC sheet
resistance, modeled (Zsim, corresponding to Rs in Figure
3) and measured (Zmeas), are not directly comparable
because the composition of the inks, annealing temper-
ature, and thicknesses are different. A common feature is
that the sheet resistance values decrease with the increase
of the weight percent of GNPs. In [16, 19], the sheet
resistance of GNPs inks with different graphene weight

fractions is compared in the microwave range. It is
shown that the screen-printed number of layers
influences the electrical properties as well. Graphene
percentages taken into account in [19] are lower than
those analyzed in this article, leading to much higher
resistive effects.

5. Conclusion

A microstrip line loaded with a graphene insert
was fabricated by screen printing and modeled through
a lumped element circuit. Specifically, binder only
(EC) and graphene-loaded (25 wt%) were printed on
FR4 substrates. Electromagnetic behavior of both films
was simulated with AWR software in the 200 MHz to
4.5 GHz range. Measured scattering parameters were
fitted by means of RC series groups. The additional
parallel capacitance inserted in the graphene film
model can be ascribed to nonideal (i.e., leaky) nano-
capacitances stemming from the graphene–binder
interaction. Simulated and experimental results were
found to be in accordance with each other (less than 1
dB difference throughout the entire frequency range).
This equivalent lumped circuit can be extended to
characterize films with different graphene loading.
Furthermore, it can be improved and used in full-wave
EM simulations to analyze sensing or tunable devices,
where graphene is currently modeled by a simple sheet
resistance.

Figure 6. Graphene-filled gap (25 wt% and 33 wt%): measured transmission coefficient (dashed line) and simulated (solid line). (a) Magnitude;
(b) phase.

Table 4. Overview of other works based on graphene ink

Ink type
Thickness

(μm)
Weight
percent

Zsim (Ω)
[source]

Zmeas (Ω)
[source]

Temperature
(°C)

EC þ terpineol 20 33 207 [this work] 110 [22] 130
EC þ terpineol 20 25 425 [this work] 440 [22] 130
Copolimer 40 25 30 [25] 100
Polymethyl methacrylate þ organic solvent 20 14 180 [19] 260
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