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Abstract — This paper presents a novel electrical model of
multi-walled carbon-nanotube based gas sensors completely
patterned using low-cost inkjet printing. The obtained results
(validated through measurements from 50 MHz to 3 GHz)
demonstrate that the nanostructure-based sensing mechanisms
yields a quite evident shift of circuit resistive elements. A
narrowband investigation of the resistive variation depending on
gas concentration has been performed as well. The input
impedance has been found to be significantly lower than that
reported for metal oxide sensors, thus facilitating the integration
in electronic circuitry. The suggested equivalent model can be
exploited in the implementation of large-scale nanotechnologyenabled inkjet-printed modules.
Index Terms — Gas sensing, carbon nanotube, inkjet printing,
equivalent circuit, nanotechnology.

I. INTRODUCTION
Due to their excellent mechanical and electronic properties,
carbon nanotubes (CNTs) are attractive nanoscale materials
which have been gaining great interest in a large variety of
applications of microelectronics and nanotechnologies. In
particular, very promising gas sensing capabilities at room
temperature have been demonstrated due to their hollow core,
large surface area, and small size. More specifically, chemical
absorption produces changes in electrical properties (such as
impedance and effective permittivity), that can be exploited to
determine chemical compounds and concentration [1,2].
In the past it has been demonstrated that CNTs can be
successfully deposited by inkjet printing and used in the
fabrication of tunable microwave circuits, such as resonators,
antennas, and RFID tags [3]. Furthermore, the possibility to
print CNT-ink based gas sensors on cheap paper substrates has
been displayed as well [4,5]. Nevertheless, up to now only few
studies about modeling of CNTs have been reported, mainly
concerning a CNT-ink not sensing structure [6] or a not
printed CNT sensing element [7].
In this paper, a novel electrical circuit model has been
accomplished for a gas sensor whose structure (including both
sensing element and access lines) has been completely
patterned using low-cost inkjet printing on paper substrate.
The sensing section consists in water soluble multi-walled
carbon-nanotube (MWCNT) that has been patterned within

two silver-nanoparticle based microstrip transmission lines.
The proposed model represents a comprehensive electrical
description of the sensing mechanism and it has been
validated through frequency measurements from 50 MHz to 3
GHz, showing that, under NO2 exposure at room temperature,
a shift of the circuit resistive elements is produced.
Furthermore, the resistive variation as a function of gas
concentration has been investigated by means of two
narrowband analyses performed around 866.5 MHz and
2.4 GHz (corresponding to European UHF RFID center
frequency and WiFi band, respectively). In these bands, the
impedance magnitude associated to the MWCNT sensor is
below 0.5 kΩ, that is significantly lower than that reported for
metal oxide sensors (0.5 MΩ – 50 MΩ) [2], thus facilitating
the integration in more complex circuits. In addition, the
suggested equivalent model, that combines the effects of
nanostructures, gas absorption/desorption macroscopic effect
and inkjet printing up to the wireless frequencies, would
enable the large scale implementation of RF nanotechnologybased inkjet-printed modules. For instance, this approach
could allow for very high-efficiency chip-less passive RFIDenabled gas sensors by means of a very accurate matching
between the antenna and the gas-sensitive load (critical aspect
for the reading range and the backscattered power in RFID
systems).
II. STRUCTURE DESCRIPTION AND EQUIVALENT CIRCUIT
For proof of concept and without loss of generality, test
samples have been fabricated onto low-cost paper substrate
and consist of an inkjet printed MWCNT ink-based strip
deposited in the 1 mm gap separating two inkjet printed silvernanoparticle based 2 mm-width microstrip transmission lines
(Fig. 1). Both silver ink and MWCNT ink have been deposited
via a Dimatix DMCLCP-11610 printer using 10 pL cartridges.
As for the MWCNT ink, it has been produced via chemical
vapor deposition, purified with acid, and functionalized to
improve in water solubility. Glycol is added to increase the
viscosity of the material and enhance flow through the printer.

Frequency measurements of the test samples have been
taken by vector network analyzer (R&S ZVA8) both in air and
in the presence of different NO2 concentrations, thus allowing
discriminating the gas contribution on the MWCNT electrical
properties. More specifically, the effect of gas has been
examined at room temperature by using a TIN-TEK
FlexStream gas standards generator, providing an extremely
stable and accurate mix of gas at extremely low concentrations
[5].
A preliminary test on the sensitivity of this structure to NO2
(defined as the change of the material’s impedance in presence
of the test gas relative to air, over that of air) has been carried
out in [5], where it has been investigated as a function of both
gas concentration and exposure time at just two frequency
points (864 MHz and 2.4 GHz). This test demonstrated that at
these frequencies the MWCNT ink has high sensitivity and a
very fast response. Consequently, for the experiment reported
in this work it has been chosen to take measurements after 1
minute of exposure.
In the present work, the behavior of the same sample has
been thoroughly investigated in a broader frequency range, i.e.
from 50 MHz to 3 GHz. At first, an equivalent circuit has been
obtained by semi-empirical approach for the “in air” (no gas
presence) condition. Afterwards, the reaction mechanisms
introduced by MWCNTs by exposure to NO2 at different
concentrations have been associated to electrical properties by
means of variable elements in the equivalent circuit.
Fig. 2 shows the “macroscopic” equivalent circuit in air; the
test sample can be modeled by means of two microstrip
transmission lines (TLs) for the input and output sections, and
by lumped elements for the core sensing section. More
specifically, the core section of the equivalent circuit takes
into account both the inkjet printed MWCNTs’ sensing strip at
the gap region and the conductor ink/CNT ink overlapping
contact areas. Furthermore, based on the results reported in
[3], the properties of the paper substrate have been also
considered.
With respect to the models present in the literature (such as
the one in [7]), the equivalent circuit here proposed uses a
greater number of parameters, thus allowing a more accurate
and a more broadband description of the sensor structure.

The lumped elements of the equivalent circuit “in air” have
been optimized to obtain the best fitting result between
measurements and simulations over the entire frequency range
(from 50 MHz to 3 GHz). In particular, impedance parameters
have been obtained through S-parameters conversion
performed by vector network analyzer (R&S ZVA8).
Comparisons between simulation results of the proposed
equivalent model and impedance measurements in air are
shown in Fig. 3. A good agreement has been achieved.

Fig. 2.

Equivalent circuit of gas sensing structure in air.

As for the extracted parameters, capacitance values are
between 2 and 10 pF, resistive values are between 8 and
130 Ω, and inductance is about 0.4 nH.
When the test sample is exposed to NO2 gas, a change of
the MWCNT material properties is taking place, as verified by
impedance measurements, and it can be associated to variable
elements in the equivalent circuit.
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Fig. 1. Test sample: inkjet printed MWCNT strip deposited in the
gap separating two inkjet printed silver-nanoparticle microstrip
transmission lines [5].

III. RESULTS AND DISCUSSION
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Immediately prior to starting the printing process, the mixture
is sonicated for 1 hour and degassed for the same duration.
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Fig. 3. Comparisons between simulation on the
equivalent circuit and impedance measurements in air.

proposed

where Rair is the value of R and Rs in air, while Rgas is the
value of R and Rs in different gas concentrations.
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The proper choice of circuit elements affected by gas
exposure is not straightforward and univocal. By means of a
sensitivity analysis, the most sensitive parameters have been
found to be the resistances in Fig. 4. Consequently, they will
be considered as the variable elements associated to sensing
mechanism. This resistive response can also be seen as the
superposition of the effects of gas absorption on the contact
resistance and on the MWCNT resistance, as confirmed in [9].
The electrical resistances were found to decrease under NO2
gas. This result is supported by the literature [1,2,8], where the
interpretation of the electrical response of CNT has been
explained by considering the chemical nature of the NO2
molecule. In particular, NO2 has an unpaired electron and is
known as a strong oxidizer, thus meaning that, upon gas
adsorption, a charge transfer occurs from the CNTs to the NO2
that increases hole carriers in CNT and reduces resistance.
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Fig. 5. Narrowband fitting around 866.5 MHz and 2.4 GHz:
comparison between simulation on the proposed equivalent circuit
and impedance measurements in NO2 at different concentrations.

The behavior of ΔRx as a function of NO2 gas concentration
has been analyzed at two different frequencies (866.5 MHz
and 2.4 GHz) and is reported in Fig. 6. The results show that
at both frequencies the gas exposure affects the resistance
associated to MWCNT region (R) in a much greater degree
than the resistance of the contact region (Rs), and that both R
and Rs have a most prominent variation at 866.5 MHz than at
2.4 GHz.
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The parameters deviation from the “in air” condition as a
function of the gas concentration has been investigated as
well. For this purpose a narrowband analysis has been
performed around two different frequencies, i.e. 866.5 MHz
and 2.4 GHz. The most prominent variation effects can be
observed by comparing (10ppm, 30ppm, 90ppm) gas
concentration. The results show that by increasing the gas
concentration the values of the resistive components decrease
even further. In addition, it is worth noting that the magnitude
of the input impedance of the MWCNT sensor (extracted by
measurements) is below 0.5 kΩ in both of the frequency bands
of interest. This value is significantly lower than that reported
in [2] for metal oxide sensors (0.5 MΩ – 50 MΩ), thus
facilitating the integration of this sensor structure in
conventional RF and RFID circuits.
The comparisons between simulation results performed on
the proposed equivalent model and impedance measurements
(in magnitude) in air and at different NO2 concentrations are
shown in Fig. 5 (fitting results on the phase do not provide
further useful information and are not shown here).
A study of the resistance variation as a function of the gas
concentration values has been performed as well. More
specifically, the variation of the resistances R and Rs with
respect to their “in air” condition has been extracted at
866.5 MHz and at 2.4 GHz by means of the following
formula:
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Fig. 4. Equivalent circuit and variable elements under NO2 gas
exposure.
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Fig. 6. The behavior of the resistive variation (with respect to the
“in air” condition) as a function of the gas concentration.

Furthermore, the variation of both R and Rs seems to follow
a linear behavior up to 30ppm of gas, while at upper
concentration values it nearly becomes constant. This
saturation mechanism could be due to the fact that all CNTs
have reacted. If we approximate the behavior seen up to
30ppm with a linear equation, the resistance R increases with
gas concentration by following a slope of 2.7 at 2.4 GHz and

of 3.1 at 866.5 MHz, whereas the curve of the resistance Rs
has a slope of 1.2 at 2.4 GHz and of 1.7 at 866.5 MHz, thus
confirming the most prominent variation of both resistances at
the lower frequency of analysis.
IV. CONCLUSION
An electrical model of multi-walled carbon-nanotube based
gas sensors totally patterned using low-cost inkjet transfer
printing has been presented. The test sample is a high sensitive
gas sensor printed on cheap paper substrate and exposed to
different concentrations of nitrogen dioxide. Impedance
measurements from 50 MHz to 3 GHz at room temperature
have been performed in order to validate the equivalent
circuit.
The proposed equivalent model provides a comprehensive
description of MWCNT inkjet printed gas sensor up to the
wireless frequencies, including both nanostructures, and gas
absorption/desorption macroscopic effects.
Results demonstrate that the sensing mechanisms
introduced by gas can be mainly related to a resistive variation
in the equivalent circuit (associated to the contact resistance
and to the MWCNT resistance).
Furthermore, the resistive variation as a function of gas
concentration has been investigated by means of narrowband
analyses. The achieved results demonstrate that the gas
exposure mainly affects the resistance associated to MWCNT
region compared to the resistance of the MWCNT/silver
contact region. The behavior of the resistive variation has been
confirmed at two different frequencies (866.5 MHz and
2.4 GHz). Last, but not least, in the two frequency ranges of
interest, the measured impedance magnitude is below 0.5 kΩ,
i.e. significantly lower than that of metal oxide sensors, thus
facilitating the integration of the MWCNT ink based sensors
in electronic circuits.
Reported results confirm that MWCNT ink is a really
promising candidate for gas detection and that the suggested
equivalent model can be exploited in the large scale
implementation of RF nanotechnology-based inkjet-printed
modules, including high-efficiency chip-less passive RFIDenabled sensor networks. In such a context, this approach
allows a very accurate matching between the antenna and the
gas-sensitive load, which is a common critical aspect for the
reading range and the backscattered power in RFID systems.
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