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ABSTRACT In this work, we present a tunable 24-GHz antenna array based on a CMOS-compatible
110-nm-thick nanocrystalline graphite film grown by plasma enhanced chemical vapor deposition. The film
has a nominal bulk conductivity exceeding 16000 S/m (hence, greater than any graphene monolayer or
industrially available graphene multilayer) but still able to show an outstanding modulation of its charge
carrier density in the upper microwave spectrum. The manufactured layer was used to design, simulate,
fabricate, and test a 24-GHz patch antenna array, with each radiating element having overall dimensions of
just λ0/8×λ0/7. The fabricated array exhibits a measured maximum gain of about 3 dBi around 24 GHz
(unbiased state), with a half-power beam width of only 14.5◦ (suitable in wireless links where a high
directivity is envisaged). Spanning the dc bias voltage between -25 V and 25 V at 24 GHz, the gain can
be tuned continuously between -1.5 dBi and 4 dBi, whereas the resonance frequency undergoes a maximum
shift of 166MHz. This voltage-dependent tuning of the gain represents a first step in developing carbon-based
applications to control amplitude and phase simultaneously and independently. These results (never reported)
demonstrate the big potential of nanocrystalline graphite for high-performance microwave components
that are CMOS compatible (a highly desirable characteristic for high fabrication yield and large-scale
production), with unprecedented tunability for next-generation high-capacity communications.

INDEX TERMS Carbon compounds, patch antennas, microwave antenna arrays, tuning.

I. INTRODUCTION
New communications systems (such as 5G and future 6G)
require small and tunable high-frequency devices, since their
backbone is the internet-of-things (IoT) that is a wireless
network interconnecting tiny objects, e.g., sensors, actuators,
and detectors. The antenna is a key component for such
applications; therefore, it needs to be small and tunable to
allow the accurate interconnection of hundreds, or even thou-
sands, of ‘‘things’’ irrespective of propagation conditions.
Hence, antennas based on two-dimensional (2D) materials,
like graphene or MXenes, could be ideal candidates thanks to
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the fact that they are inherently tunable without any additional
electronic circuits.

For a graphene monolayer, its surface impedance is
Zs(ω,Vb) = 1/σ (ω,Vb) = Rs(ω,Vb) + jXs(ω,Vb), where
σ (ω,Vb) is graphene’s conductivity and Vb is the external
dc bias voltage. Since σ (ω,Vb) depends on a voltage (Vb)
applied either vertically (in top gate and/or back-gate config-
uration, as in the case of graphene transistors) or as a lateral
(i.e., in-plane) field across a slot, as in the case of graphene
layers embedded with coplanar waveguides, the tunability of
microwave scattering parameters can be achieved by the sim-
ple application of the proper dc voltage [1]. This inherent tun-
ability is not valid only for graphene monolayers, but also for
2Dmultilayers in general [2], [3]. Up to now, ferromagnetics,
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ferroelectrics, organic polymers, and liquid crystals have also
demonstrated to confer an inherent tunability to microwave
devices [4]–[6].

However, in the microwave range the surface resistance of
graphene is in principle greater than few thousand ohmswhen
no bias is applied, which is a detrimental effect for radiation
(as it implies losses and a moderate efficiency). The origin of
these phenomena can be found in the low surface conductivity
of graphene, which is 10−4–10−2 S·� (Siemens·square) for
monolayers [7], whereas metals have a bulk conductivity in
the order of 106 S/m. There are many ways to increase the
bulk conductivity of graphene composites up to 105–106 S/m
[8]–[11] but, in these cases, for the obtained ‘‘metal-like’’
graphene antennas the dc electric field is not able to modulate
such large electron densities to values comparable with met-
als [12], [13]; therefore, the main advantage of a 2D antenna
(i.e., its inherent tunability) is lost to achieve good radiation
efficiency and gain, as they would be obtained by any metal
antenna or antenna array. As A. K. Geim noted: If not for
graphene’s high quality and tunability, there would be no new
physics and, therefore, no graphene boom [14].

In this paper, we report on how to increase the conduc-
tivity of a carbon-based antenna without losing its inherent
tunability, which is a major physical effect. In this respect, a
nanocrystalline graphite (NCG) film was used, with a thick-
ness of 110 nm (hence, much lower than the thickness of any
metal used in microwaves, as it is necessary to avoid skin
depth effect), grown on high-resistivity silicon/silicon oxide
(HRSi/SiO2) 4-inch wafers (for CMOS compatibility), and
having a bulk conductivity of over 16000 S/m. This value is
tens of times higher than that of a graphenemonolayer (which
has a surface conductivity in the order of 10−4 S·�, as stated
before), but it is much lower compared to metals. Further,
a 24-GHz patch antenna array was designed, simulated,
fabricated, and tested using the proposed NCG/SiO2/HRSi
wafer to achieve a straightforward amplitude modulation
of the radiated power (together with a moderate frequency
tuning range), the phase change introduced by a complete
beam forming network being out of the scope of this work.
In deep contrast with graphene mono- or few-layer growth
performed by chemical vapor deposition (CVD) on a metal
and transferred onto the desired substrate (at the likely risk
of creating wrinkles, cracks, and defects) [15], the NCG was
grown directly by plasma enhanced chemical vapor depo-
sition (PECVD) on the HRSi/SiO2 substrate with a diam-
eter of 100 mm [16]. The NCG exhibits a polycrystalline
nature and consists in a network of graphite nanocrystals
and grain boundaries. Depending on the size of these grain
boundaries, the conductivity can be tuned from 102 S/m up
to 104 S/m [17]. The outcome of the optimized PECVD
process is a CMOS-compatible component (the antenna
array) with a high fabrication yield, suitable for unprece-
dented large-scale production of carbon-based electronics.
This represents a major improvement with respect to the
patch antenna presented in [15], which relies on a graphene
monolayer deposited on a ferroelectric thin film and exhibits

a less pronounced gain tunability, together with a much lower
radiation efficiency. Furthermore, at the industrial level it is
not possible to grow thick (i.e., hundreds of nm) multilayer
graphene at the wafer level using CVD, as it is fabricated
via transfer, i.e., the graphene monolayers are first grown on
copper and then piled up on the desired substrate. Therefore,
the best that can be obtained so far is to transfer up to
about 10 layers but no more than that. Even if the electrical
conductivity increases with the number of layers, due to the
nature of the transfer process the final samples have more
impurities as one increases the number of layers. On the other
hand, the proposed NCG films can be grown at any desired
thickness with a high homogeneity and no impurities.

The manuscript is organized as follows. First, Section II
provides a detailed description of the fabrication and
physical/structural characterization of the NCG, to provide
a set of experimental data for the accurate modelling of the
material under test. Second, Section III describes the elec-
tromagnetic (EM) design of the single 24-GHz NCG-based
patch antenna and of the entire 8-element linear array. Then,
Section IV focuses on the fabrication of the proposed tun-
able array. Finally, Section V presents a comparison between
simulations and microwave measurements, with a discussion
about the results and the interpretation of the outcomes.
Conclusions are given at the end of the paper, with future
perspective for high-frequency applications of carbon-based
antennas.

II. NCG THIN FILMS FABRICATION
AND CHARACTERIZATION
The first step was the fabrication and physical/structural char-
acterization of the NCG, as to provide useful data for the
correct modelling of thematerial in the EM simulator used for
the design of the antennas. The NCG deposition process was
performed on the NANOFAB 1000 system (Oxford Instru-
ments, UK), using the PECVD method [18]. The Si/SiO2
wafer was loaded in the preheated reactor (200◦C) and heated
up to 900◦C at a ramp rate of 15◦C/min in an Ar+H2
(5%) atmosphere. After reaching the target temperature,
the process continued with a 10 min thermal pre-treatment
step at 900◦C in Ar+H2 (5%) atmosphere, and a 5 min
hydrogenation step in Ar+H2 (10%). The NCG deposition
was performed in CH4+H2 plasma (ratio 1:1.25) at 900◦C,
100-W RF power and 1.5 Torr pressure, with a deposition
rate of approximately 3 nm/min. After the deposition step
was completed, the wafer was cooled down in the reactor
to 200◦C at a ramp rate of 9◦C/min. After unloading from
the reactor into the load lock chamber, the wafer was left
to cool down for another 10 min in vacuum at 0.5 mTorr to
reach room temperature before being exposed to atmosphere.
To determine the type of deposited carbon thin film, Raman
spectroscopy was performed using the LabRAM HR 800
(Horiba Jobin Yvon, Japan). The spectra were acquired at
633 nm and are presented in Fig. 1, whereas extracted param-
eters are presented in Table 1. One can notice the D band
centered at ∼1350 cm−1 and the G band shifted from its
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usual position (at 1580 cm−1) to∼1592 cm−1. The D band/G
band intensity peak ratio (ID/IG, which helps estimate the
defects of a graphene or graphite sample) was calculated to
be between 2.34 and 2.39, whereas the full width at half
maximum (FWHM, which is an indication of the structural
distribution and takes the effect of mean crystallite size and
the size dispersion into account) was measured to be between
70 and 72 cm−1 for the D band and between 64 and 78 cm−1

for the G band. The blue shifting of the G band along with
the ID/IG ratio in the 1.5–2.5 interval indicates the presence
of a nanocrystalline graphite film [19]. From Fig. 1, the 2D
peak can be also observed around 2700 cm−1, which was
expected due to the growth temperature of 900◦C [20]. The
surface roughness (RMS value) for the deposited NCG thin
films was measured using the NTEGRAAura (NT-MDTCo.,
Russia) atomic force microscopy system (AFM) on an area
of 1 µm × 1 µm. For reference, the NCG roughness was
compared to a bare Si wafer and to a SiO2 thin film. In detail,
the RMS roughness is 0.15 nm for bare Si, 1.13 nm for
Si/SiO2, 3.5 nm for Si/NCG and 3.7 nm for Si/SiO2/NCG.
From these comparative measurements we inferred that there
is no significant difference between NCG thin films grown
directly on Si or Si/SiO2 substrates.

FIGURE 1. Raman spectra of the deposited NCG film.

TABLE 1. Raman spectra parameters.

The electrical conductivity of NCG thin films (σNCG)
as a function of their thickness is presented in Fig. 2.
At ∼250 nm, a relative saturation of the conductivity is
observed, as the substrate’s impact on the growing NCG
decreases and the ion etching of amorphous carbon is likely to
have a higher intensity, thus forming better conductive paths
in the NCG as it grows on a sp2 hybridized sublayer [21].
For higher values, an acceptable margin of error of ∼6%
must be considered (corresponding to a maximumfluctuation
of ±1000 S/m), also due to errors in the four-point probe
electrical characterization.

FIGURE 2. Electrical conductivity of NCG thin films as a function of their
thickness.

FIGURE 3. SEM images for (a) top-view and (b) cross-section of the
fabricated NCG thin film.

Finally, two SEM pictures of the fabricated NCG layer are
presented in Fig. 3. The images show a compact film with
a columnar structure, the top view revealing nano-graphitic
crystallites characteristic to this type of material [22].

Before starting the design of the NCG-based antenna array,
the electrical performance of the fabricated NCG film was
measured by using a four-point probe system. The on-wafer
characterization was performed in the center of the 100-mm
NCG wafer. No geometrical correction factor was applied,
because the wafer area could be considered infinite and the
NCG film was much thinner than the distance between the
probes. The measured sheet resistance was 579 �/�, for
the NCG film having the thickness of about 110 nm. The
bulk resistivity was calculated to be 6.2 m�·cm, which is
equivalent to a bulk conductivity of 16150 S/m (this value
of the measured σNCG was then used to define the NCG layer
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inside the EM simulator). Having this in mind, NCG films
consist of nanocrystalline graphite domains immersed in a
minimal amorphous phase. As such, they are an intermediate
phase between crystalline and amorphous forms (with locally
graphene-based fragments), and their basal-plane electronic
conductance is higher than that along the perpendicular direc-
tion [23]. Moreover, the high crystallinity of the NCG (which
comes from a negligible content of sp3 carbon atoms) is one
of the main reasons beneath the outstanding conductivity of
such material. This conductivity can be tuned thanks to the
carbon-like nature of the NCG, since the complex relative
permittivity εr is a function of the carrier density (elec-
trons and holes) nc and of the external applied voltage Vext :

εr = (αncVext) (1)

where α is a geometrical constant. In other words, one can
induces free carriers (either electrons in the conduction band
with a positive Vext , or holes in the valence band with a
negative Vext ), thus changing the permittivity of the NCG
material or, equivalently, its conductivity, since εr = ε′–jε′′

and ε′′ = σNCG/(ωε0), with σNCG the complex conductivity
(real in the microwave range), ω the angular frequency and
ε0 the vacuum permittivity. This fact can be explained by the
interconnection between ε′ and ε′′ by the Kramers-Kronig
relations, which relate the real and imaginary parts of the
complex refractive index and, as a natural extension, it applies
to the complex relative permittivity. However, in the case
of the NCG, nc and Vext have a predominant effect upon
ε′′ or, in other words, on the bulk conductivity of this
carbon-likematerial. Besides this, NCG exhibits an asymmet-
ric Dirac-like peak of its resistanceRNCG (hence, conductance
GNCG = 1/RNCG) at room temperature [20], with the charge
type changing from electron to hole, depending on Vext . This
unique physical behavior is the key to understand the novelty
of this work, in which the intrinsic properties of a material are
used to confer tunability characteristics to an antenna array,
without the need of using complex geometries and/or biasing
techniques.

For the specific NCG under study, we can express σNCG as
follows:

σNCG ≈ NlayerσG (2)

σG = (ω, µc) (3)

µC = h̄vF
√
πα0 |Vext − VD| (4)

where σG is the surface conductivity of monolayer graphene,
which is a function of ω and of the chemical potential µc
( can be obtained by manipulating the well-known Kubo
formula), Nlayer is the number of graphene monolayers, h̄ is
the reduced Planck’s constant, υF = sF × 106 m/s is the
Fermi velocity and 0 < sF ≤ 1 is a scale factor, α0 = 9 ×
106 m−2V−1 is the fine structure constant, and VD is the
Dirac voltage. Typical values of µc fall within the range
0–1 eV. In other words, σNCG can be approximated reason-
ably with the conductivity of 320 graphene monolayers in
parallel, which give rise to a crystalline graphite-likematerial.

Fig. 4 shows the calculated values of σNCG in the frequency
range 0–30 GHz, at five values of µc: 0.15 eV, 0.25 eV,
0.5 eV, 0.75 eV, and 1 eV. It is evident how σNCG increases for
increasing values of µc. One can observe that the measured
σNCG fits very well with the calculated data if we consider
a chemical potential µc = 0.15 eV; this value corresponds
to the application of a dc voltage of about 1.3 V when using
the four-point probe system, which requires a small current
(10 mA) passing through the two outer probes to induce a
voltage between the two inner probes.

FIGURE 4. Calculated bulk conductivity of the 110-nm-thick NCG layer as
a function of the chemical potential.

III. EM DESIGN AND SIMULATIONS OF THE NCG-BASED
SINGLE PATCH AND 8-ELEMENT LINEAR ARRAY
The design of the NCG coplanar patch antenna (NCG-CPA)
array started from the single NCG-based patch. The single
NCG patch antenna was designed in CPW technology, since
it is the easiest way to bias the NCG layer by applying an
in-plane dc voltage between the central (or signal) line of
the CPW and the lateral ground planes (as done in [15], but
with the important difference that here we consider a patch
antenna made of graphite directly grown on SiO2, instead of
monolayer graphene grown on a ferroelectric thin film). The
layout of the single NCG-CPA in shown in Fig. 5, together
with the main dimensions and a cross-section in the inset.
The latter comprises a 525-µm-thick HRSi substrate, on top

FIGURE 5. Top-view of the final NCG-CPA with the NCG layer as radiating
element. Inset: cross-section of the antenna.
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of which a 300-nm-thick SiO2 layer is grown (in view of
the NCG deposition). The metallization is a 500-nm-thick
aluminum (Al) reflector on the back of the HRSi substrate,
and a chrome/gold (Cr/Au) layer on top of the SiO2 film for
the CPW contacts.

In Fig. 5, Gx = G′y = 0.7 mm, G′′y = 0.5 mm and the CPW
port has gap-signal-gap dimensions of 60-100-60 µm (this is
necessary for on-wafer measurements using standard CPW
probe tips with pitch of 150 µm and ensures a characteristic
impedance of 50 � on silicon substrate). Gx, G′y and G′′y
are the gaps between the patch and the ground plane; these
distances were optimized to ensure the correct operation of
both the antenna and the final array in terms of both reflection
coefficient |S11| at the input port and radiation performance,
guaranteeing at the same time an easy polarization of the
NCG patch when applying an in-plane bias between the
signal line S and the ground plane GND. The EM simulations
were carried out using the 3D EM tool CST Microwave
Studio R©, the results being shown in Figs. 6a-c for both gold
and NCG single patch with the same dimensions (the gold
patch having the same thickness of 110 nm as the NCG patch
for a correct comparison). With respect to the NCG-CPA,
from Fig. 6a one can notice that |S11| < −6 dB all over
the 24-GHz ISM band (24–24.25 GHz, which is a widely
exploited frequency range for wireless applications), whereas
from Fig. 6b it is apparent that the antenna has a series
resonance in the reference band, with a real part close to
50� for optimal impedance matching to the CPW port. Also,
Fig. 6c demonstrates that, as expected, the radiation of the
patch is broadside (H-plane, solid black line), with a small
tilt at φ = 20◦ (E-plane, solid red line), a maximum radiation
efficiency of about 31% and amaximumgain of 0.29 dBi. The
latter performance indicators are noteworthy, since conven-
tional graphene-based antennas at microwaves exhibit a low
radiation efficiency due to the high surface resistance, making
them unfeasible for practical telecommunications systems.
For this reason, graphene-based inks, multilayer graphene,
or highly conductive graphene films are preferred to achieve
radiation performance comparable to those of metal antennas.
Moreover, such solutions are often neither reproducible nor
suitable for large-scale production. A comprehensive com-
parison with the actual state-of-the-art is provided in Table 3
at the end of Section V.

When considering the gold patch, the minimum of |S11|
(|S11|min) shifts of 480 MHz towards higher frequencies
(hence, the gold antenna should be enlarged to resonate at the
same frequency as the NCG one) and with worse matching
properties, since |S11|min = −10.16 dB (in the case of the
NCG-CPA |S11|min = −16.39 dB). From the radiation point
of view, the maximum gain at 24 GHz is 3.45 dBi and the
maximum radiation efficiency is about 65%. However, if we
take the total efficiency ηTOT at 24 GHz into account, i.e., the
ratio of the radiated power to the stimulated power of the
antenna, the gold patch has ηTOT ≈ 32%, whereas the NCG
patch has ηTOT ≈ 25%, thanks to the fact that the matching
of the NCG-CPA is better than that of the Au-CPA.

FIGURE 6. Simulated (a) reflection coefficient |S11| (dB), (b) input
impedance Z11 (�) (black lines: real part; red lines: imaginary part), and
(c) gain at 24 GHz (black lines: H-plane; red lines: E-plane; inset: visual
explanation of H- and E-plane) of the single NCG-CPA and Au-CPA.

In Fig. 7, we show how the gainGNCG−CPA (in the H-plane)
of the single NCG-based patch antenna changes when the
conductivity of the NCG layer spans between 4000 S/m and
28000 S/m (hence, a variation of ±75% around the nominal
value of 16000 S/m). This range is an estimation done after
preliminary experiments carried out to quantify the change
in the conductivity of the NCG when applying a Vext of
±25 V (the minimum/maximum Vext used for the dc/RF
characterization).

One can notice that GNCG−CPA varies between -1.62 dBi
and 0.85 dBi, whereas the resonance frequency undergoes a
shift of 130 MHz. However, when designing the 8-element
linear array, the total gain Garray can be defined as follows:

Garray = βNGNCG−CPA (5)

where 0 < β < 1 is a correction factor that considers the
spacing between adjacent elements, EM couplings, the pres-
ence of the feeding network, technological uncertainties and,
finally, the non-ideality of the array. N = 8 is the num-
ber of array elements. We stress here that the impact of
the inter-element spacing is quite significant, as it was also
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FIGURE 7. Simulated gain (dBi) of the single NCG-CPA at 24 GHz in the
H-plane, as a function of NCG film’s conductivity.

demonstrated in [24]. In particular, the optimal spacing for
beam forming or MIMO applications [25] could be not nec-
essarily λ0/2 (which was our choice in the present work,
due to design and technological constraints, i.e., the exploita-
tion of non-conventional materials for the radiators and the
available occupation area of the array – just 4× 3 cm2 – to
be integrated into a transmit/receive module together with
other devices/components). The next step was the design
of the entire 8-element NCG-CPA array. First, the basic
CPW T-junction was designed, as follows: for a balanced
phase and amplitude distribution among the eight radiators,
the distance between the outputs is set to 4.36 mm. Input and
outputs impedances are equal to 50 �, whereas two 70-�
quarter-wavelength stubs are used to match the input and the
outputs. Optional bonding wires can be positioned on the dis-
continuities (junction and bends) to further guarantee the
continuity of the ground plane along the structure. Once the
T-junction was optimized at 24 GHz, it was cascaded to build
an 8 × 1 linear network. At this stage, from EM simulations
we observed that the performance of the network was poor in
terms of both efficiency and amplitude stability of the output
signals. A possible explanation for the simulated performance
degradation was the generation of surface waves triggered by
the back Al reflector plane (Fig. 8a) that was kept from the
design of the single NCG-CPA (inset of Fig. 6c). Once the
reflector planewas removed under the corporate feed network
(and kept only beneath the NCG-based patches), the electric
field is better guided by the structure, which significantly
improves the performance (Fig. 8b). Finally, the corporate
feed network was integrated with the 8 NCG-CPAs and
simulated.

The reflection coefficient and the radiating performance
are shown in Fig. 9a and Figs. 9b-c, respectively. In these
figures, the results obtained for the array in two configura-
tions are presented: with a plexiglass slab (with a thickness of
9mm) under theHRSi substrate andwithout it. The plexiglass
slab has a conformal shape (inset of Fig. 9a), in the sense
that it follows solely the external perimeter of the array. The
motivation for such a design solution is twofold: (i) necessity
of using a low-κ dielectric support for both on-wafer and
far-field measurements, as to avoid the usage of a metal plate

FIGURE 8. Simulated electric-field distribution of the corporate feed
network (a) with back reflector and (b) without back reflector.

in direct contact with the silicon (thus eliminating the surface
waves mentioned before); (ii) further simulations revealed
that the presence of the plexiglass under both the NCG-CPAs
and the corporate feed network could affect in a destructive
way the radiation properties with respect to the case of the
array in free space. Furthermore, in the final prototype a
ROHACELL R© HF layer was used to fill the space under
the array where no plexiglass was present (to increase the
mechanical robustness), this foam material being the ideal
choice for microwave applications due to its permittivity
close to 1 and its low dielectric loss tangent. As it can be
seen from Figs. 9a-c, the reflection coefficient and the gain
at 24 GHz (in both the H- and E-plane) are not affected
dramatically by the foreseen support structure (conformal
plexiglass and ROHACELL) exploited to ensure reliable
high-frequency characterization. In particular, the maximum
value of Garray with the plexiglass slab is 3.22 dBi in the
H-plane (at θ = 0◦) and 5.36 dBi in the E-plane (at φ = 51◦):
this demonstrates the importance of simulating rigorously the
effective structure that will be deployed for measurements,
to consider any EM effects due to the complete assembly.

These simulations gave us useful information for the sub-
sequent interpretation of the measurements. In a real wire-
less application, the array is integrated directly on chip into
a front-end, and the design of the impedance dividers is
carried out taking into consideration the complete vertical
structure of the underneath substrate. In the inset of Fig. 9a
one can notice a CPW section meant for the integration of
the NCG-CPA array with the SMPM connector for far-field
measurements in free space. The input port is normalized on
50 � and can fit CPW probe tips with a pitch of 500 µm as
well. Fig. 9 also demonstrates that, if using an array entirely
made of gold patch antennas (with a metal thickness that is
equal to the thickness of the NCG layer), the obtained perfor-
mance is just slightly better (due to evident skin depth effects
that jeopardize the advantage of having a high conductivity),
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FIGURE 9. Simulated (a) reflection coefficient |S11| (dB) (inset: simulated
3D structure) and gain for the (b) H-plane and (c) E-plane of the NCG-CPA
array at 24 GHz, without (solid red line) and with (solid blue line) the
conformal plexiglass slab, and of the Au-CPA-array (dashed black lines).

but at the cost of not having the possibility of tuning the array
gain. Table 2 summarizes the main performance indicators
for the two case of gold patch antennas and NCG patch
antennas used in both single and array configuration. It is
apparent how, especially for the array, the proposed solution
with NCG-CPAs is more exploitable thanks to the intrinsic
tunability of the carbon-based material.

IV. FABRICATION OF THE NCG-BASED 8-ELEMENT
LINEAR ARRAY
The proposed workflow for the fabrication process of the
24-GHz NCG-CPA arrays is as follows: wafer cleaning,
thermal oxidation, NCG deposition, photolithography for
NCG patterning, NCG etching, photolithography for metal
patterning, Cr/Au deposition, lift-off, Al backside metalliza-
tion, photolithography for backside metal patterning, and Al
etching. To test the proposed workflow, n-type Si wafers
were used, 100 mm diameter, <100> orientation (Miller
index, which indicates the orientation of a plane or set of
parallel planes of atoms in the silicon crystal), 525+/-25 µm

TABLE 2. Simulated performance for gold and patch antennas.

thickness, and resistivity 1–10 �·cm. Before any processing,
the Si wafers were cleaned in acetone, isopropyl alcohol, and
Piranha solutions. The same procedure was performed before
spin coating for each photoresist mask.

After the proposed workflow was successful, for the final
device fabrication a 4-inch wafer of 525-µm-thick HRSi was
used (Float-Zone Hyper Pure Silicon (FZ-HPS) P(100) by
Topsil, resistivity ρ > 10, 000 �·cm). Wafer cleaning proce-
dure: (i) initial soak in acetone for at least 10 min; (ii) rinsing
in isopropyl alcohol (IPA) for at least 10 min; (iii) immer-
sion in Piranha solution (H2SO4+H2O2, 10:1) at 120◦C
for 30 min; (iv) rinsing with deionized water. The thermal
oxidation was performed in the Thermco 2000 series (Tetron
Technologies, UK) oxidation furnace. The thermal oxide was
grown in wet atmosphere at 1100◦C in the oxidation furnace.
The final thickness of the thermal oxide was ∼300 nm.

The NCG deposition was performed as described
above. The metal deposition was done in the Auto 500
(BOC Edwards, UK) electron beam deposition system. The
total thickness of the Cr/Au metal layer deposited on the
front side of the wafer was 500 nm (30 nm Cr and 470 nm
Au), whereas the thickness of the backside Al was 500 nm.
Photolithography was performed using the MA6 (MicroSüss,
Germany) mask alignment system. As masking layer, a HPR
504 positive photoresist was used. The etching of the NCG
thin film was done in the SI220 (Sentech Instruments,
Germany) reactive ion etching system, in an O2 plasma using
the chemical etching mode at 250 W and 150 mTorr. The
NCG thin filmwas etched using the process described earlier,
the etch rate was approximately 50 nm/min, resulting in a
total etch time of about 2 min. The complete removal of the
NCG in the unwanted areas (other than those corresponding
to the patch antennas) was determined by four-point probe
electrical measurements.

The Cr/Au metal layer deposited on the front side of the
wafer was patterned using a lift-off process. First, a HPR
504 photoresist was spin coated on the front side and pat-
terned using the corresponding photolithographic mask, fol-
lowed by metallization. The photoresist was then removed
using acetone in an ultra-sound bath. After cleaning the wafer
in acetone and IPA, the HPR 504 photoresist was spin coated
on the front side of the wafer to act as a protective layer during
backside processing. A layer of Al, 500 nm thickness, was
deposited on the backside of the wafer. The HPR 504 was pat-
ternedwith the corresponding etchingmask. TheAl layer was
etched in a solution of H3PO4+HNO3+CH3COOH+H2O
(ratio 8:5:5:10).
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Six NCG-CPA arrays were fabricated on a single 4-inch
HRSi wafer, as the one shown in Fig. 10. The array has total
dimensions of 34.88 mm × 25.47 mm.

FIGURE 10. Fabricated array (left), array mounted on plexiglass and
bonded to the SMPM connector (upper right; a metal support was also
attached to the array and the plexiglass to guarantee the electrical
connection with the connector), and prototypes ready to be sent for
far-field characterization (lower right).

V. EXPERIMENTAL CHARACTERIZATION OF THE 24-GHz
NCG-BASED 8-ELEMENT LINEAR ARRAY
The measurements of the NCG-CPA array were carried out
as follows: first, the on-wafer scattering parameters (Fig. 11)
were measured with a calibrated (Short-Open-Load) vector
network analyzer (VNA, Anritsu 37397D), by using special
probe tips with a pitch of 500 µm. Connecting the NCG-CPA
array to a dc source via a bias tee, it was possible to demon-
strate the bias-dependent behavior of the array’s reflection
coefficient. More in detail, positive and negative dc bias
voltages were applied, which put in evidence the asymmetry
of the 110-nm-thick NCG layer as regards the tunability of its
conductivity.

From Figs. 11a-d one can observe that in the band
24–25 GHz, for positive dc bias voltage values (Fig. 11a)
there is a frequency shift of 158 MHz in the |S11| minimum,
which is associated to a change of more than 4 dB in terms of
matching properties; this means a difference of 2.5× times in
the power reflected by the array. The same can be seen in the
imaginary part of the input impedance Im{Z11} (Fig. 11b).
In this case, the resonance frequency shifts from 24.498 GHz
down to 24.332 GHz (i.e., a resonance shift of 166 MHz).
When switching to negative dc bias voltage values, the |S11|
minimum (Fig. 11c) down-shifts of 50 MHz, with a change
of about 2.8 dB or, in other words, a difference of about
2× times in the power reflected by the array. As regards
Im{Z11} (Fig. 11d), for a negative bias the resonance fre-
quency shifts from 24.498 GHz down to 24.432 GHz (i.e., a
resonance shift of 66 MHz). Hence, it can be concluded that
the tuning effect (in both magnitude of |S11| and resonance
frequency) is evident for both positive and negative dc bias
voltages, but more pronounced for the former. This means
that the 110-nm-thick NCG layer experiences a change of
its microwave conductivity, which translates into (i) differ-
ent matching behavior to 50 � and (ii) different resonance
frequency in the band 24–25 GHz.

FIGURE 11. Measured (a) reflection coefficient and (b) imaginary part of
array’s input impedance for positive DC bias; measured (c) reflection
coefficient and (d) imaginary part of array’s input impedance for negative
DC bias. In Figs. 11c-d, the solid red curves (corresponding to -5 V) are
very close to the solid black ones (corresponding to 0 V).

For themicrowave characterization of the NCG-CPA array,
two different customized measurement systems were pre-
pared. First, the far-field characterization was performed
(Fig. 12) with an array prototype connected to an SMPM
connector, by using the experimental setup described in
Appendix A.

In Figs. 12a-b, the simulated and measured gain val-
ues in the H-plane are presented (for the case of unbiased
NCG), the latter as it was calculated using the far-field
measurements around 24 GHz (the shape of the radiation
pattern being similar in the band of interest). In Fig. 12a
the solid red curve refers to the measured co-polarization
gain Gco−pol , whereas the dotted black curve identifies the
simulated Gco−pol ; in Fig. 12b, the solid red curve and
the dotted black curve represent the measured and simu-
lated cross-polarization gain Gcross−pol , respectively. In other
words, the linear polarizations of the NCG array and of the
reference horn antenna are either parallel (co-polarization,
maximum transmission between transmitter and receiver)
or perpendicular (cross-polarization, minimum transmission
between transmitter and receiver). These measurements are
important, in the sense that they provide the clear proof of
the effective radiative behavior of the NCG array, which
entails a |Gco−pol – Gcross−pol | of several dB; in the present
case, |Gco−pol – Gcross−pol | ≈ 20 dB in the broadside
direction (θ = 0◦).
From the gain patterns, it results that the antenna radiates

broadside in the H-plane and the maximum measured gain
is 2.6 dBi around 24 GHz, whereas the simulated one is
about 3.2 dBi, with a good agreement between simulations
and experiments despite the unavoidable differences, as evi-
denced by the positions of theminima. The latter fact could be
ascribed to the following main reasons: (i) the correction fac-
tor β (even if in this case the antenna spacing is given), which
appoints technological uncertainties (like the margin of error
of ∼6% in NCG’s conductivity or corrosion-related defects)

122450 VOLUME 9, 2021



M. Aldrigo et al.: Tunable 24-GHz Antenna Arrays Based on NCG

FIGURE 12. Measured (solid red curves) and simulated (dotted black
curves) gain in the H-plane for both (a) co-polarization and (b)
cross-polarization in the angular range θ ∈ [−60◦, 60◦], for the case of
unbiased NCG.

as the main cause for the observed discrepancies; (ii) the
lack of the SMPM connector and of the fabricated metal sup-
port in the EM simulations for ease-of-computation; (iii) the
far-field standard open-space characterization setup, which
could explain the fluctuations of the gain for values below
−10 dBi. Nevertheless, the measured half-power beam width
(HF-BW) is 14.5◦ (hence, smaller than the simulated value
equal to ∼18◦), and the measured |Gco−pol – Gcross−pol | in
the HF-BW is between 13 dB and 31.8 dB. This means that
the HF-BW (the |Gco−pol – Gcross−pol | difference) is nar-
row (big) enough to guarantee a good radiation performance
with satisfactory gain values in the desired polarization
plane, suitable in wireless links where a high directivity
is envisaged (especially considering the conductivity of the
NCG film, which is 3 orders of magnitude lower than
gold).

Second, the accurate voltage-controllable tunability of
the NCG film for modulation of array’s transmission (or
reception) properties was demonstrated. For this purpose,
another measurement setup was prepared (as explained in
Appendix B) to ensure a precision of just a few fractions
of dB. In Fig. 13 the measured results for the gain of the
NCG-based array (H-plane, co-polarization) are displayed at
three frequencies of interest in the 24-GHz ISM band, namely
at 24 GHz, 24.12 GHz, and 24.25 GHz, as a function of the
applied dc bias voltage.

FIGURE 13. Measured gain (H-plane, co-polarization) of the NCG-based
array, at three frequencies of interest in the 24-GHz ISM band (solid black
line: 24 GHz; solid blue line: 24.12 GHz; solid red line: 24.25 GHz), as a
function of the applied dc bias.

The curves in Fig. 13 give the final proof of the tunability
potential offered by the proposed NCG-CPA array: when
spanning the bias between -25 V and 25V, the voltage applied
in-plane onto the NCG layer allows changing the gain with
2.8 dB (at 24.25 GHz) up to 5.5 dB (at 24 GHz), with a
maximum at -5 V and a minimum at 25 V for all the three
considered frequencies. Since the gain can be tuned with
5.5 dB at 24 GHz and considering that, around the same
frequency, the maximum value of the measured Garray is
∼3 dBi in the unbiased case (in the H-plane and in the co-
polarization case, as extracted by the measurements of the
power received by the horn antenna performed with the setup
described in Appendix B), Garray can be tuned continuously
at 24 GHz between 4 dBi and−1.5 dBi. This is a remarkable
result, considering that such radiation performance related
to an NCG-based array has not been yet reported. Due to
the intrinsic nature of the NCG layer, the biasing effect
is asymmetric around 0 V. More in detail, as explained in
Section II, the NCG exhibits an asymmetric Dirac-like peak
of its resistance at room temperature [20], i.e., the conduction
mechanism due to electrons differs from the one due to holes.
A particularly important aspect is that the tuning effect is
instantaneous, meaning that the conductivity value of the
NCG film can be changed very fast, without any latency
phenomenon, thus offering a real-time reconfigurability of
the array. Finally, the optimized PECVD process allowed
obtaining a high fabrication yield, thanks to an optimal homo-
geneity of the NCG thin film: a single HRSi/SiO2 4-in wafer
can embed up to six arrays (as already stated), all of them
exhibiting almost constant performance, with a margin of
error of just 2-3%.

Now we present a possible application of practical
interest of the proposed NCG-based array, namely an
indoor localization system based on a 24-GHz ISM band
frequency-modulated continuous-wave (FM-CW) radar that
embeds small, codified tags for identification functional-
ity [15]. In this case, the maximum transmitting distance d
is between 50 and 70 m. The transmitting antennas do not
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require any specific gain because of regulation constraints
for the maximum effective isotropic radiated power (EIRP),
i.e., EIRPmax = 20 dBm; as regards the receiving antennas,
gain values in the range 15–20 dBi are generally targeted
to maximize the communication distance. Last, the isolation
between transmitting and receiving antennas should be at
least 30–40 dB. If the proposed NCG-based array is used, it
is straightforward to calculate realistic values of the power
Pr received by the array as a function of both distance d
and applied dc bias. The results are shown in Fig. 14 for
EIRPmax = 20 dBm.

FIGURE 14. Calculated power Pr received by the proposed NCG-based
array in a FM-CW radar application, as a function of both distance d and
applied dc bias.

One can see from Fig. 14 that, spanning the dc bias voltage
between −25 V and 25 V, Pr increases of 5.5 dB from 25 V
(worst case) to−5 V (best case), thus following the behavior
of antenna gain (as expected). For example, at 1 m distance
Pr = −41.5 dBm at 25 V and Pr = −36 dBm at −5 V,
whereas at 70 m distance Pr = −78.5 dBm at 25 V and Pr =
−73 dBm at−5V. Considering a realistic value of−100 dBm
for a typical 24-GHz receiver sensitivity, this entails that the
attenuationmargin is always in the range 21.5–64 dB, i.e., it is
big enough to guarantee a low bit error rate (BER). More than
that, the real-time amplitude modulation of the gain allows a
fine tuning of the power received at a targeted distance by
simply changing the dc bias applied to the NCG film. This
simple theoretical example (based on a realistic scenario)
gives a proof of the potential offered by NCG materials for
modern (and future) telecommunications systems.

Finally, Table 3 presents a comparison between the pro-
posed NCG-based array and some of the latest works in the
literature regarding graphene antennas in microwaves. In this
table, ‘‘Type’’ is the type of graphene-like material, f is the
operating frequency (or band), Gmax is the maximum gain,
ηmax is the maximum efficiency, ‘‘sim.’’ or ‘‘meas.’’ indicates
that the reported result is simulated or measured, and ‘‘Tune’’
refers to the tunability characteristics of the antenna.

As a further proof of what has been already demon-
strated in the literature (i.e., the fact that microwave appli-
cations of graphene for radiators are avoided due to high

TABLE 3. Comparison between the proposed NCG-based array and the
state-of-the-art graphene antennas at microwaves.

losses), [26]–[28] report only simulated results for bothGmax
and ηmax , with [27] and [28] using too optimistic values of Rs
in biased state. Besides this, even if [28] exploits graphene
monolayer’s tunability to modulate the gain (the graphene
being used for the directors, nor for the driven element),
it does not show how it could be realized from a technological
point of view: it is declared that the silicon sheet acts as the
ground plane for the polarization, but this would be possible
only if it were a low-resistivity silicon layer, which hinders
any antenna application at microwaves. Last, in [30]–[32] the
authors show measured results with high gain and efficiency
values but losing completely the tunability of graphene at the
expense of highly conductive graphene-based films (in [32],
the nanoplates are used to load a power dividing feed line
to manipulate the phase of the radiation pattern, whereas the
multilayer graphene film MGF is used to fabricate metal-like
radiators). From this brief comparison, we can state that the
solution proposed in this work could overcome the bottleneck
‘‘high conductivity vs. tunability’’ of carbon-based antennas,
offering interesting new perspectives and solving the problem
that the authors in [33] raised about the feasibility of graphene
for microwave applications.

VI. CONCLUSION
In this manuscript, we have presented a 110-nm-thick
nanocrystalline graphite (NCG) film, grown by plasma
enhanced chemical vapor deposition and used to fabricate
the radiating elements of a 24-GHz patch antenna array. The
NCG exhibits an exceptional bulk conductivity exceeding
16000 S/m, thus several orders of magnitude higher than
that of graphene monolayers. However, the NCG keeps the
unique signature of mono- and multi-layer graphene, i.e., the
modulation of its charge carrier density (or, in other words, its
electrical conductivity) by applying an external static electric
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field. As a result, we succeeded in tuning both the resonance
frequency (with 166MHz) and gain (with 5.5 dB) of the fabri-
cated NCG-based array when biasing in-plane the NCG film
between −25 V and 25 V. This result is particularly impor-
tant, as it demonstrates how a 3D carbon-based material like
NCG can be profitably used to create new CMOS-compatible
microwave components with reconfigurability characteristics
based solely on the intrinsic characteristics of the constitutive
materials, not requiring any complex polarization network
and with the potential of large-scale (hence, cost-effective)
production. The presented outcomes could serve as a promis-
ing starting point for further research in this field.

FIGURE 15. Far-field measurement setup.

APPENDIX
A. FAR-FIELD MEASUREMENTS
The antenna under test (AUT in Fig. 15) was mounted on
a rotating platform (with a precision of 0.25◦) to allow for
the measurements on the azimuth (θ) plane from −60◦ to
60◦, in a standard open-space characterization setup. Once
mounted, the connectorized AUT (receiver) was connected
to a spectrum analyzer (Rohde & Schwarz FSV40-N). Then,
a calibrated horn with gain of 17.7 dBi (transmitter), placed
at 20 m from the AUT, was connected to a signal generator
(Agilent E8257D) with an output power level of 14 dBm.
A picture of the setup is displayed in Fig. 15.

We stress here that this setup is the same used to measure
and validate Satcom antennas that work in the same frequency
band as the proposed NCG-based array. The horn antenna is
positioned at a height of about 8m from the ground; therefore,
the negative contribution of the soil is minimized (considering
that the beam width of our antenna is less than 15◦). From
extensive measurements carried out to validate commercial
Satcom antennas, it has been empirically proven that the gain
accuracy is about 1 dB.

B. NCG FILM’S TUNABILITY MEASUREMENTS
To accurately verify the tunability of the NCG film under the
application of a proper dc bias voltage, an array prototype
(used as a transmitter) was connected to a microwave gener-
ator (Agilent E8257D) and to a dc source (Agilent E3631A)

FIGURE 16. Microwave setup to characterize the NCG-CPA array.
As mentioned in the text, a conformal plexiglass support was deployed to
avoid destructive interferences related to the corporate feed network for
proper power splitting. Red inset: detailed view of the excitation
technique used for on-wafer measurements, with the bias tee and CPW
contact in evidence.

directly on-wafer (i.e., without the SMPM connector), using
CPW probe tips and a bias tee (a comprehensive picture of
the setup is displayed in Fig. 16). This way, it was possible
to change the frequency, the input power, and the dc bias
level of the array. The receiver was a high-gain K-band
horn antenna (with gain of 24 dBi) connected to a spectrum
analyzer (Anritsu MS2668C), to measure the level of power
transmitted by the array. The horn antenna was placed at
∼39 cm, which corresponds to ∼31 × λ0 (where λ0 is the
free-space wavelength at 24 GHz). This ensured that the horn
antenna was in the Fraunhofer region of the array.

We stress here that we also used microwave absorber
panels (Cuming Microwave C-RAM FAC-1.5 24 ×
24′′ w/Velcro) around the two antennas (not shown
in Fig. 16), to limit potential interferences and multi-path
effects due to the surrounding equipment. The reliability of
the used setup was verified by carrying out tens of measure-
ments on different NCG-based arrays, which provided the
same outputs (in terms of transmitted power) with a negligible
margin of error.
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