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Abstract—In this paper, we report a copper oxide (CuO)-
coated gas sensor based on an interdigitated -capacitive
transducer for the detection of volatile organic compounds
(VOCs), especially acetone. The device is built on a printed circuit
board (PCB) as a gold-copper interdigitated capacitor (20 fingers,
0.4 mm electrode width, 0.2 mm gap), functionalized with a
sputtered CuO sensitive layer, which was selected for its stability,
non-toxicity, cost-effectiveness, and durability. Finite element
simulations using COMSOL were used to model the capacitance
of the fabricated sensor and were validated by analytical
estimation. CuO was deposited via DC magnetron sputtering at
room temperature. Its structural characterization was carried
out by Raman spectroscopy, and SEM demonstrated the
successful deposition. Electrical measurements using a vector
network analyzer (VNA) assessed the changes in capacitance and
resistance versus frequency, both with the sensitive layer and
under acetone exposure. The effects of CuO and acetone were
observed in terms of the changes in capacitance and resistance.

Keywords—gas sensing, interdigitated capacitor, cupric oxide,
electric measurements, acetone.

1. INTRODUCTION

Gas sensors are widely used in industrial safety,
environmental monitoring, medical diagnostics, and smart
home devices. Although acetone is widely used in chemistry
and industry, it is a toxic volatile organic compound that can
pose health and environmental risks, especially under
prolonged exposure [1]. Therefore, its detection and monitoring
are of paramount importance. Gas detectors based on printed
circuit boards (PCBs) are widely used due to their advantages.
PCBs, especially FR-4, made of fiberglass and epoxy resin, are
cost effective and relatively inexpensive compared to more
specialized substrates (e.g., silicon, low-temperature Co-fired
ceramic (LTCC), among others.) [2, 3]. These boards (typically
1.6 mm thick) offer decent mechanical strength, ensuring that
the sensor structure remains intact during regular use and
handling. They also provide good -electrical insulation
properties, which are essential in any sensor circuit. This helps
prevent electrical interference and ensures the stability of the
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signal processing components used in detecting gas
concentrations [3, 4]. On the other hand, a gas sensor consists
of two basic components: the transducer and the active layer.
The active layer is the component that interacts directly with
the target gas molecules. The transducer is the component that
converts the physical interaction between the target gas and the
sensitive layer into changes in electrical parameters such as
resistance, capacitance, or inductance.

Bamiedakis et al. [4] constructed an ammonia (NHj)-
sensitive bromocresol purple (BCP) and bromothymol blue
(BTB) sensor based on PCB substrate. They investigated the
evolution of the optical transmission characteristics of
chemically functionalized optical waveguides in the presence
of NH3 molecules. The device achieved a sensitivity of about
30 ppm and a response of up to 600 ppm at room temperature.
Said et al. [5] published a paper for carbon dioxide (CO>)
sensing based on graphene oxide (GO)-coated spiral inductor
on PCB substrate. The sensor showed a reduction in series
inductance and resistance by approximately 9.33 % and 31 %,
respectively. Interdigitated capacitors (IDC) are commonly
utilized transducers in gas detection due to their low-cost, ease
of fabrication, and high sensitivity [6-13]. Prezioso et al. [8]
demonstrated an interdigitated-GO sensor for nitrogen dioxide
detection. GO was deposited on 30 um spaced interdigitated
Platine (Pt) electrodes patterned on silicon nitride (SizNa)
substrate. The device was stable, had a lifetime of more than
1000 s hours, and exhibits a very low detection limit (20 ppb).
Akhter et al. [12], fabricated a CO; sensor based on an
interdigitated structure and a graphene oxide as the sensitive
layer, for a concentration range of 400 ppm to 4000 ppm. The
sensor dimensions and sensitive area were 10 mm x 10 mm and
6.25 mm?, respectively. The sensor was highly responsive, with
a response time and recovery time of 3 s and 5 s, respectively.

Cupric oxide (CuO) is a promising material for the sensitive
layer due to its properties such as high stability, accessibility,
and antibacterial activity [14]. Furthermore, it was chosen
based on the fact that gas adsorption on semiconductors causes
a change in their electrical conductivity, as well as a change in
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permittivity, when exposed to the target gas atmospheres,
which may lead to a change in the capacitance of the
interdigitated structure. Szkudlarek et al. [15], developed a Cr-
doped CuO interdigitated resistive sensor for acetone detection
in the range of 0.4 ppm to 3.2 ppm at 50 % of relative humidity
(RH) measured at different temperatures. The response time
and recovery time at 3.2 ppm were 35 s and 65 s, respectively.
Mullen and Dutta [11], developed a resistive sensor for nitrogen
dioxide (NO,) and nitric oxide (NO) made of cupric oxide
(Cu0), which was deposited on the surface of an alumina
substrate with interdigitated gold electrodes. Each electrode
contained 10 interdigits. The gap between interdigits and their
thickness were both 250 microns. CuO exhibited higher
selectivity for NO than for NO, at 300°C. To our knowledge,
capacitance variations are rarely exploited in literature, where
the resistance response is mostly studied for gas sensing.

In this work, we fabricated a CuO-based IDC sensor for
acetone gas detecting. The electrical response of this sensor was
successfully analyzed in the frequency range of 100 kHz to
3 GHz for the blank, CuO-covered, and acetone-exposed
structures. The sensitivity of copper oxide to acetone at a
concentration of 1 L/min was studied.

II. METHODS AND MATERIALS

A. The IDC fabrication and computing

The IDC consists of 35 um-thick gold-coated copper
electrodes, fabricated on a 1.6 mm-thick FR-4 PCB substrate.
Fig. 1 shows the top view of the IDC with the geometric
dimensions explained, while TABLE 1 lists them. In this
structure, the black comb-shaped electrodes are interconnected,
while the gray electrodes are also interconnected. The lumped-
element electric circuit of the structure is given by a capacitance
(Cep) connected in parallel with a resistance (R;), which
accounts for dielectric losses. These elements are connected in
series with a resistance (R;), which represents the parasitic
losses, and an inductance (L,) associated with the long leads of
the input and output electrodes [16]. This arrangement is
illustrated in Fig. 2. The real part of the total equivalent
impedance of the circuit Re(Z), the imaginary part Im(Z), and
the quality factor (Q) expressions are given, respectively, in (1),
(2), and (3), as:
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The analytical value of the capacitance was calculated using
the theoretical conformal mapping method [17]. Its
configuration is represented in Fig. 3, and the appropriate total
capacitance calculation is described as:

C,xCg
C+Cg

C
Cipc = (N-3) 5 +2 (4)
where C; and Cg, are the capacitances between the internal and
external electrodes, respectively, with the total number of
electrodes, N, being greater than three. The internal
capacitance (Cy) and external capacitance (Cg) of the IDC are
calculated based on the elliptic function K as detailed below:
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Fig. 1. Interdigitated capacitor's geometry.
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Fig. 3. Cross-section of a six-electrode interdigitated structure including the
interior and exterior capacitances for both air and FR-4 substrate layers.

TABLE 1. DIMENSIONS OF THE IDC GEOMETRY.

Gap
Geometrical Ele.ctrode Electrode between Electrodes’
width w length L
parameters electrodes number N
(mm) (mm)
£ (mm)
Values 0.4 14.2 0.2 20
K(ki,..) K(kps)
Ci=Cj 4+ Cis=¢goL ~——+ ¢ : 5
1 I, air I,S 0 (K(k;'w) S K(ki‘s) ( )
K(Kg,.) K(Kgs)
Ce= Cgairt CE,S=50L( v &g ; (6)
K(kg,,) K(kgs)

where Cr,ir and Cis are the interior capacitances through air and
FR-4 substrate, respectively, Cgair and Cggs are the exterior
capacitances through air and FR-4 substrate, while the
quantities ki, ki.s, Ke», and kg s are given in Appendix B: Table
2 of [17]. The permittivities of air and FR-4 (&s) were set to 1
and 4.6, respectively, giving a theoretical capacitance value
Cinc 0f9.79 pF.

B. IDC numerical simulation

The physical model of the IDC-based sensor with its
specific geometrical parameters was simulated using the finite
element software COMSOL Multiphysics [18]. The
electrostatic study was selected in the AC/DC module, and then
the material properties, air block volume, interdigitated
electrodes, and PCB substrate mass were defined. A DC
voltage of 1V was applied to one set of excitation electrodes,
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Fig. 4. Electric field and electric potential distributions in the IDC.

while the other set was grounded [6]. Next, a suitable mesh was
selected for the main structure, and finally, a simulation was
performed to analyze the IDC capacitance. The analytical
capacitance value was validated against the simulated value of
10.16 pF (Fig. 4), resulting in a relative error of 3.7%. This can
be attributed to material losses, such as resistive losses. Fig. 4
illustrates the distribution of the electric field and electric
potential within the IDC structure. The electric field is
concentrated between and around the interdigitated fingers, and
its highest intensity is observed in the gaps between adjacent
electrodes of opposite potentials. The colour legend on the right
corresponds to the electric potential, while the one on the left
represents the electric field.

C. Sensitive layer deposition and characterization

The CuO layer was deposited by DC magnetron sputtering
technique, using AJA equipment available at the WINFAB
micro-nano fabrication platform at UCLouvain, on a bare
silicon wafer at room temperature under a pressure of 5 mTorr,
a concentration of 30 sccm of oxygen (O) and argon (Ar), and
a power of 50 W [19]. The deposition took about 1 hour to
reach a thickness of 300 nm for CuO. The substrate was
characterized by a Raman spectroscope with green radiation
(acquisition time: 100 s, accumulation: 2, and power: 25 %)
and a scanning electron microscope.

Fig. 5a presents the Raman spectra of CuO with three main
peaks at 296.142 nm, 343.895 nm, and 626.743 nm [20]. The
Si peak (519.642 nm) appears due to the strength of silicon
even at a shorter wavelength (The Si peak also appears with red
radiation). Fig. 5b shows the nanostructure of the CuO using a
Zeiss Auriga dual beam FIB-SEM system. The structure of the
CuO is characterized by cylindrical and elongated grains. These
results confirm the successful deposition of high-quality cupric
oxide. Subsequently, to collect the electrical properties
(especially the resistivity), the four-points probe shown in Fig.
6, available at the WELCOME platform within the ICTEAM
group, was used. It showed that the resistivity value of the
cupric oxide sheet was 304 Q-m.

III. RESULTS AND DISCUSSION

The IDC-based sensor manufactured on FR-4 is shown in
Fig. 7. Cupric oxide (in black) was deposited on the surface of
the interdigitated gold-plated copper structure (in yellow). The
extra surface (the surrounding ground plane and SMA
footprints) was covered with Kapton and subsequently
removed. The deposited CuO layer was 1 um (approximately 3
hours of deposition), overlaying the 35 pm-thick metal layer.

519.642

g

206.142

8

J 626743

Intesity (counts)

g

343895

100
200 300 400 500 600 700 800

Raman Shift (cmi™)

(a)
Fig. 5. CuO characterization: (a) Raman spectra, and (b) SEM image of CuO.

i('“ﬂ’"

Fig. 7. Top view of the fabricated sensor covered with cupric oxide.

The Agilent E5061B-3L5 enhanced network analyzer
(ENA), available at the WELCOME characterization platform
at UCLouvain, was utilized to assess the electrical response of
both the blank and the CuO-coated structures. The sensor basic
impedance was extracted from the scattering parameters S to
analyze the capacitance and resistance variations (between the
blank structure and the CuO- coated sensor) in the frequency
range of 100 kHz to 3 GHz.

Fig. 8a and Fig. 8b, respectively, show the effective
capacitance and parallel resistance curves. The effect of the
CuO layer is evident in the change in capacitance from
10.35 pF to 11.67 pF due to the change in permittivity. In
addition, a significant shift in the parallel resistance Rgq is
observed, which increased from 2.27 kQ to 49.30 kQ. TABLE
I summarizes the changes in various electrical parameters, i.e.,
Cep, R, Ra, Ly and the resonant frequency fy which were
calculated from (7) (8) (9) (10) [16], where Y;, and Y>; are the
measured two-port admittances of the sensor.

_ imag(Yyp) (7
eff— = 2mf
Yty (8)
avg — © T
Rs :Re( Y_ )f—>high band (9)
avg
1
Rd=Re(_)f—>low band (10)
avg

Gas measurements were subsequently performed on the gas
bench available at the WELCOME platform, at room
temperature and an initial relative humidity of 50 %. The setup
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Fig. 9. Gas measurement setup including connection between ENA, gas
chamber and MFCs.

TABLE II. THE EFFECT OF CuO ON THE ELECTRICAL PARAMETERS OF IDC.

Electrical parameters
Structure
Cor (pF) R; (22) | Ra(k2) fo(MHz) | L, (nH)
Blank
structure 10.35 155.56 2.27 60.1 677.5
IDC
IDC_CuO 11.67 116.53 49.3 60.1 600.9

included an ENA network analyzer, a gas chamber, and
software to control mass flow controllers (MFCs), timing, and
concentrations, as shown in Fig. 9.

Similar to the blank and coated structures, electrical
measurements were performed for the sensor when exposed to
acetone. The effect of acetone on the sensor capacitance is
shown in Fig. 10. There is a noticeable difference between the
two pulses of acetone with the increase of the concentration
(1 L/min of acetone), in terms of response and recovery time.
However, as shown in Fig. 10, the sensor response, calculated
using (11), is approximately 0.3 % for the first pulse and 0.63 %
for the second one at 7.6 MHz.

Cacetone_ Ca

* %100 (11)
Cair

where Caceione 1 the sensor capacitance during the gas purge,
and Cgi is the capacitance of the sensing device in air. Other
electrical parameters were also measured during acetone
exposure. Effective capacitance exhibited the strongest
correlation with injected gas concentration, whereas series
resistance, parallel resistance, and equivalent inductance
showed negligible dependence. The limited capacitance
variation arises from the PCB structure's geometric dominance,
specifically the sensitive coating's minimal thickness (35x
thinner than the metal layer).
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Fig. 10. Acetone’s effect on CuO-IDC based sensor.

IV. CONCLUSIONS

We fabricated an acetone gas sensor made of copper oxide
(CuO) deposited on an interdigitated structure using the
sputtering technique. Characterization of the sensitive layer
demonstrated successful fabrication with excellent quality.
Electrical measurements using ENA revealed the influence of
copper oxide on the IDC capacitance, which shifted slightly
from 10.35 pF to 11.67 pF due to a change in the permittivity
at the top of the sensor. Gas measurements revealed a variation
in capacitance for two consecutive gas pulses with different
acetone concentrations of 0.3% for the first pulse and 0.63% for
the second pulse. This slight variation in capacitance is
attributed to the thinness of the copper oxide layer compared to
the thickness of the electrodes (1 pm thick copper oxide layer
compared to 35 um thick printed circuit board). Future work on
integrated circuits will take these results into account to
improve the performance and design of cupric oxide-based gas
sensors and interdigitated capacitors.
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