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Abstract
Even though a plethora of printing technologies are currently available and their potential for the
fabrication of low-cost and flexible sensors has been widely investigated, systematically based, and
statistically sustained comparative studies are missing in the literature. In this work, we compare
screen, inkjet, and dispense printing for the fabrication of carbon nanotube (CNT)-based
ammonia (NH3) chemiresistive flexible gas sensors for the first time. Moreover, we report the first
CNT-based gas sensor fabricated via Voltera printer. The devices were made of a thin layer of
spray-coated CNTs and printed silver-based interdigitated electrodes. To draw a thoughtful
comparison the same sensor layout, materials, and fabrication flow were used. The device
morphological features were acquired through microscopic, atomic force microscope, and 3D
images; additionally, the response to NH3 as well as the printing process characteristics for each
technique was analyzed. From 300 µm nominal spacing between lines, we obtained a decrease of
25%, 13%, and 5% on the printed spacings with dispense, screen, and inkjet printing, respectively.
At 100 ppm of NH3, a maximum response of 33%, 31%, and 27% with the dispense-, inkjet-, and
screen-printed sensors were found, respectively. Statistical differences were observed between the
mean values on the NH3 response of dispense- compared to the inkjet- and screen-printed sensors,
which in effect showed the highest response in the Tukey test. This demonstrated that the
fabrication technique employed can induce a different response mainly driven by the printed
outcomes. Following a holistic approach that includes the sensor response, the application, the
market perspective, and the process versatility, we suggest screen printing as the most suitable
method for CNT-based NH3 gas sensor fabrication.

1. Introduction

In the last decade, several manufacturing techno-
logies have been extensively exploited to fabricate
gas sensors, including chemical vapor deposition [1],
physical vapor deposition [2], micromachining [3],
self-assembly [4], spray coating [5, 6], and printing
[7, 8]. Among all, the latter is the most com-
monly utilized technology for developing miniatur-
ized, portable, and low-cost sensors [9]. Indeed, over

the years, printing technologies (PTs) have diversified,
evolved, and advanced, offering the opportunity to
realize customized devices, nanoscale features [10],
low energy and even low-temperature deposition of
more and new functional materials [11] on flexible
substrates [12], as well as environmentally friendly or
greener processes [13].

Printing is an additive manufacturing tech-
nique that follows a bottom-up approach to realize
electronic devices by sequentially adding layers of
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thickness ranging from the nanometer range [14]
to µm [8], depending on the technique. This method
substantially reduces the energy consumption and the
total fabrication cost, and also it is easy to redesign
in comparison with conventional lithographic tech-
niques, where multiple steps are needed for every
single layer to be realized [9]. Today many PTs are
available, each characterized by different properties
such as screen printing, laser direct writing, inkjet
printing, soft lithography, flexography, gravure print-
ing, and aerosol printing [8, 15].

Depending on the presence or not of physical con-
tact between the substrate and the material used for
the printing (e.g. the ink, the mask), the methods
can be classified into two main groups, contact, and
non-contact ones. Dispense printing is an example
of a non-contact method, in which non-Newtonian
highly viscous paste is dispensed continuously onto
the substrate through a nozzle with precise volume
control, according to the desired layout [16]. Inkjet
printing is another example of a non-contactmethod,
however contrary to dispense, here small droplets
(1–30 pL) of low-viscous ink are deposited ‘drop-on-
demand’ (DOD) via a micro-nozzle activated by a
thermal, piezoelectric or electro-hydrodynamic con-
trol by following a digital-based design [17]. On
the other hand, screen printing is a typical contact
technique characterized by the deposition of a non-
Newtonian highly viscous paste through a patterned
screen mesh composed of micro-holes [18]. This
allows the ink to flow only in the open areas of the
screen as the squeegee is pressed over the mesh onto
the substrate.

The selection of a PT to fabricate a sensor is driven
by the specifications of the method itself, e.g. print-
ing speed, environmental impact, compatibility with
the substrate and the functional materials, as well as
the device specifications for the final application, such
as dimensions, performance, andmechanical proper-
ties. However, it is challenging to identify a preferen-
tial PT for the fabrication of a specific type of device,
such as in the case of chemiresistive gas sensors.
These types of sensors are characterized by a relat-
ively straightforward working mechanism; the device
resistance changes when the active sensing material is
exposed to the target gas [19].

A comprehensive list of the chemiresistive gas
sensors realized in the last decades by means of print-
ing can be found in several recent review papers
[9, 20–23]. Despite the extensive use of PTs for the
realization of chemiresistive gas sensors at a research
level, an evaluation of the sensor performance con-
sidering the variability associated with these methods
(printed outcome compared to the nominal layout)
is usually underestimated and not included in such
studies.Moreover, the literature lacks standardization
in evaluating the device performance that does not
allow a simple comparison among the data, making

it challenging to undertake comparative analyses of
what has been accomplished and what should be the
future directions.

To address the above-mentioned research gap, in
this work we have selected two extensively used print-
ingmethods (screen printing and inkjet printing) and
one less explored technique in gas sensor fabrica-
tion (dispense printing) and evaluated the impact of
the fully-printed chemiresistive gas sensors perform-
ance, by keeping the rest of the major factors constant
(type and quantity of sensing material, gas type and
concentrations, electrodes layout and material, sub-
strate, gas set up, sensor evaluation criteria and char-
acterization tools). In addition, a holistic approach
considering the characteristics and aspects of each
method on a lab scale is discussed. For the compar-
ison, ammonia (NH3) has been selected as the ana-
lyte of interest given the importance of its detec-
tion. In fact, according to the Occupational Safety
and Health Administration, the exposure limit to
NH3 is 35 ppm for 10 min and 25 ppm for 8 h,
which makes NH3 an important hazardous gas [24].
Furthermore, efforts to improve the reliability of NH3

gas sensors are increasing as the need for NH3 detec-
tion in different areas (e.g. food qualitymonitoring in
intelligent packaging [25], aroma recognition in food
[26], food spoilage detection [27] and environmental
monitoring [28]) is proportionally increasing.

Examples of commonly employed active materi-
als for NH3-sensors are metal oxide semiconductors
[29, 30], conducting polymers [31], 2D materials
[32], and carbon nanotubes (CNTs) [33]. In partic-
ular, CNTs are among the most widely used func-
tional materials for gas sensor fabrication [34], as
they allow the production of low-cost and low-energy
demand devices [35, 36] due to their capability of
operating at room temperature while showing high
sensitivity towards different gas molecules [37] such
as NH3, nitrogen dioxide (NO2), hydrogen (H2),
methane (CH4), hydrogen sulfide (H2S) and sulfur
dioxide (SO2).

In this paper, we discuss the performance of fully
printed CNT-based NH3 gas sensors as a function
of three different PTs employed to deposit the elec-
trodes: screen printing, inkjet printing and dispense
printing. Spray coating was employed for the depos-
ition of the active material given its feasibility of mass
production. This analytical study is especially crucial
for CNT-based sensors, given their underlying com-
plex sensing mechanisms where the resolution of the
printed patterns bridging the electrodes and the CNT
film plays a major role in the device’s performance.

2. Materials andmethods

2.1. Materials
A flexible 50 µm thick polyimide (PI) foil (Kapton®,
from DuPont™) was used as substrate, while high
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Figure 1. Steps for fabricating the carbon nanotube (CNT)-based ammonia sensors on polyimide substrate combining oxygen
plasma (step 1), CNT spray coating (step 2), and three different printing technologies (step 3, dispense, screen, inkjet printing) to
deposit the conductive interdigitated (IDEs) electrodes.

purity (>90%) single-walled CNT (P3-SWNT, from
Carbon Solutions Inc) as the sensing material. Nitric
acid (HNO3, 65%) and sodium carboxymethyl cellu-
lose (CMC), both fromMerck, were employed to cre-
ate the CNT solution and carry out the sensor post-
treatment, respectively. To fabricate the electrodes,
a silver (Ag)-based paste (LOCTITE EDAG PF 410
E&C) and a conductive nanosilver ink (Jet-600C)
were employed.

2.2. Fabrication process
The proposedCNT-based chemiresistive sensorswere
completely fabricated using low-cost and versatile
PTs, combining spray coating for the CNT deposition
and respectively screen, inkjet, and dispense printing
for the conductive interdigitated electrodes (IDEs).
The fabrication procedure of the printed carbon-
based gas sensors presented in this work is schemat-
ized in figure 1 and is described below.

2.2.1. Substrate cleaning and pre-treatment
Initially, the PI substrate was ultrasonically cleaned in
acetone and then in isopropanol for 5 min. The foil
was dried in an oven (Falc Instruments s.r.l) at 200
◦C for 24 h. To improve the adhesion to the CNTs,
the cleaned foil was exposed to an oxygen plasma
treatment [38] (Diener electronics, GmbH&Co. KG)
at a constant pressure of 0.4 mbar for 1 min, with a
power of 100 W, and 6 cm3min−1 flow rate [39]. In
fact, as previously reported in the literature, oxygen
plasma treatment substantially increases CNT attach-
ments due to the formation of polar (i.e. carboxylic)
groups on the substrate [40].

2.2.2. CNT dispersion and deposition
CNTs were deposited on the plasma-treated
PI by using an air-assisted atomic spray setup
(Krautzberger GmbH, Germany) from a water-based
dispersion, which was prepared by following the
procedure previously described earlier in [41].
Specifically, 0.05% wt CNTs were dispersed in an

aqueous CMC solution (0.5% wt) by using an ultra-
sonic processor (FisherbrandTM FB-505) at regu-
lar intervals of 5 min at 50% and 30% power.
Subsequently, the solution was centrifuged (Thermo
ScientificTM SL 16, equipped with an F15-6 rotor)
at 13 000 rpm for 100 min, and the supernatant (ca.
80% of the total solution) was carefully extracted, and
stored at room temperature in ambient condition for
further use. Before the deposition, the stock solution
was diluted (1:15) in deionized water and sonicated
in an ultrasonic cleaner (Vetronectina, CP104) for 2
min at 50% power, and 25 ◦C.

In order to characterize the percolative behavior
of the deposited random matrix of the CNT dilu-
tion, different layers (where a layer is defined as the
complete passage of the spraying gun over the sample
area) were sprayed on top of the substrate with the
spray coater settings (material flow rate of 4.5, a
nozzle to sample distance of 5 cm, a movement speed
of 150 mm s−1, and a substrate temperature of 70
◦C) (see figure S3). Then, to remove the remaining
CMC from the conductive network, the samples were
soaked in 2.90MHNO3 solution for 1 h, following the
optimization reported in [42]. Finally, samples were
immersed in DI water for 10 min and dried at 100 ◦C
for 1 h on a hotplate.

2.2.3. Electrodes printing
The IDEs were printed using a dispense, screen, and
inkjet printer. A commercial dispense printer (V-One
5000, Voltera) based on a screw motion dispensing
unit was used to deposit the Ag paste. The printing
settings of the Voltera printer were adjusted to a dis-
pense height of 0.07 mm, a trim length of 150 mm,
an anti-stringing distance of 0.1 mm, and a kick of
1.95 mm, as recommended in the literature [43].
For the screen printing process, a semi-automatic
screen printing machine (C290, from Aurel automa-
tion S.P.A.) equipped with a stainless steel mesh with
125mesh count per centimeter and a 10µmof solvent
resist over the mesh was used. Finally, the inkjet-
printed IDEs were deposited using a Dimatix printer

3



Flex. Print. Electron. 8 (2023) 035012 S Vasquez et al

(DMP-2850, Fujifilm) equippedwith a 10µl cartridge
DMC-11610 cartridge. The printing parameters were
adjusted according to a drop-to-drop spacing of 30
µm and a plate temperature of 45 ◦C. Images of the
three printing equipment can be found in figure S5.

As a conductive material for the fabrication of
IDEs, an Ag-based paste with a viscosity of 17 500
mPas for dispense and screen printing, and a conduct-
ive nanosilver ink of 6–10 mPas for inkjet printing
was used. The selection of the two types of conductive
inks was motivated by the different requirements of
the employed PTs. Indeed, screen and dispense tech-
niques are able to deposit shear-thinning thixotropic
non-Newtonian’ fluids with a viscosity between 5000
and 10 000 cPs [8, 44], whereas inkjet printing can
print nanoparticle inks of low viscosity (10–12 cPs),
having a particle size 100 times lower than the nozzle
diameter to avoid clogging [45]. As a final printing
process step, the screen- and dispense-printed IDEs
were sintered in the oven at 120 ◦C for 15 min and
the inkjet-printed ones for 25min, as suggested by the
manufacturer datasheet.

PTs are widely known to present systematic differ-
ences between nominal and actual layout dimensions,
which depend on the chosen technology and set of
process parameters. Understanding this layout devi-
ation is paramount when reproducible sensing res-
ults are sought, particularly in the field of gas sensors.
Thus, the percent of change in the delivered printed
outcome of each technology can be used as a para-
meter to assess the overall printing quality and to
evaluate if it ultimately affects the sensor perform-
ance. Compared to inkjet and screen printing, dis-
pense printing is the least implemented technology
for the fabrication of gas sensors. This motivated the
use of the dispense printing to set the design and
the nominal dimension of the IDEs employed for all
the three PTs here analyzed, as illustrated in table 1.
The lowest values of width (W) and spacing (S) to
achieve reproducible results in PI were found to be
300 µmand 300 µm, which is consistent with a previ-
ous report [43]. Taking into account these limitations
and the fact that these values are achievable with all
techniques, W and S for all designs were set at 300
and 300 µm, respectively.

2.3. Morphological and electrical characterization
The morphological analysis of both the spray-coated
CNT film and the printed IDEs was performed
by using an optical microscope (DM8000M, Leica
Microsystems CMS GmbH, Wetzlar, Germany) and
an atomic force microscope (AFM) from CoreAFM,
Nanosurf. The electrical resistance and thickness of
the printed IDEs were measured by a portable mul-
timeter (Fluke 287, Everett, WA, USA) and a non-
contact 3D optical profilometer (ProFilm3D from
Filmetrics, Unterhaching, Germany), respectively.

Table 1. Top-view scheme and nominal dimensions of the IDEs
employed to fabricate the printed gas sensors by using screen,
inkjet, and dispense printing.

Feature Nominal value

Line width (W) 300 (µm)

Spacing (S) 300 (µm)

Number of lines 10

Active area 29 (mm2)

2.4. Sensor characterization
The dispense-, screen-, and inkjet-printed sensor
response towards NH3 was tested in a custom-
made gas chamber, automatically controlled with
a LabVIEW 2019 program (National Instruments
Corporation, Austin, TX, USA). Before initiating the
gas test, the sensor was mounted on a module that
included a Peltier element for temperature regulation,
a PT100 thermoresistor for in-situ temperature mon-
itoring, and connectors for contacting the sensor. The
sensor resistance reading was acquired with a digital
multimeter (Keithley DAQ6510), while the heating
system (Peltier) was powered using a sourcemeter
(Keithley 2602B). The sensing cycle consisted of a first
step inwhich the resistance of the sensor at room tem-
perature was recorded in dry air, then a mix of NH3

gas and air (as carrier gas) was injected for 5 min still
at room temperature while maintaining constant the
total gas flux (500 mlmin−1), and finally, dry air was
injected for 15min at 60 ◦C and 5 min at room tem-
perature. The heating step was performed to induce
an active sensor recovery, causing the release of the
gases adsorbed in the film at each exposure [46].
Different NH3 concentrations (3, 10, 25, 50, and 100
ppm) were injected by diluting the NH3 gas with air
(carrier gas) at room temperature. The complete set
up for the data acquisition is illustrated in figure S1.

The sensor performance was evaluated consid-
ering the normalized response using the following
formula:

Normalized Response=
Rf −Ri

Ri
, (1)

where Ri is the measured initial resistance of the CNT
film before the exposure to a specific NH3 concentra-
tion and Rf is the measured resistance at the end of
each exposure cycle.

2.5. Statistical analysis
The effect of the different PTs on the performance of
the sensor was evaluated by a completely randomized
design composed of a balanced two-factorial arrange-
ment (A × B), where factor A was the effect of the
printing method with three levels (dispense, screen,
and inkjet), and factor B was the effect of ammo-
nia concentrations with five levels (5, 10, 25, 50, and
100 ppm). Three sensors per each PT were exposed
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at each concentration for a total of 45 measurements.
Additionally, the effect of factor A on the actual spa-
cing of the IDEs was evaluated. Two-way analysis of
variance (ANOVA)was performed using R studio and
the differences between the mean values were evalu-
ated by Tukey’s HSD (honestly significant difference)
test at p< 0.05 significance level. The mathematical
modeling of the experimental design is described in
equation (2):

Yijk = µ+αi +βj +αβijk + ϵijk, (2)

whereY ijk= sensor response, i= level of A, j= level of
B, k = observation number, µ = general mean, αi =
effect of printing method, βj = effect of concentra-
tion, (αβ)ij = effect of interaction between printing
and concentration, ϵijk = experimental error.

3. Results and discussion

3.1. Fabrication process
To deposit a reliable and reproducible thin layer of
CNT by spray coating, it is fundamental to optimize
the setup parameters (e.g. flow rate, hot plate temper-
ature) [41].We used AFM to evaluate the reproducib-
ility and the quality of the spray deposition process in
terms of a full coverage area of homogeneous bundle-
free CNTs, as this is a recommended characteristic
that favors resistive sensor performance [34]. Figure 2
shows the AFM micrographs of some of the spray-
coated CNT layers (8, 12 and 22) on PI. The images
clearly show a homogeneous and bundle-free CNTs
distribution with an increase in the surface coverage
as the spray layers proportionally increase. Additional
information on the spray deposition can be found in
figures S2–S4.

The thickness of the Ag line, the geometry, and
the actual dimensions compared to the nominal val-
ues were analyzed for the three different printed elec-
trodes per technique. The experimental dimension of
the sensor layout in a schematic representation and
their corresponding microscope images are presen-
ted in figure 3. Additional images are provided in
figure S6.

The layout deviation with respect to the nom-
inal value (300 µm, for both S and W), indicating
a reduction in the case of negative values and an
increase in the case of positive, was measured in dif-
ferent points of the Ag line, as highlighted in green,
red, and blue colors in figure 3 for dispense-, screen-
, and inkjet-printed IDEs, respectively. In the case of
the dispense printing, a semi-circular shape at the end
of the Ag line was observed, in contrast to the straight
lines and sharp edges of the screen and inkjet printed
IDEs. These highlighted green circles presented the
highest variation in terms of dimension. Therefore,

these measurement locations were excluded, as con-
sidered outliers, in the statistical analysis. This fea-
ture was consistent for all printings and is related
to the specific printing procedure of the dispenser
printer [43].

As expected, all the PTs showed a broadening
of the line width with respect to the nominal value
and a consequent decrease in the spacing. The dis-
pense yielded the highest percentage change in spa-
cing with a decrease of−25%, followed by the screen
with −13% and the inkjet with −5%. For the width,
the screen showed the highest percentage change
with 21%, followed by the dispense with 10%, and
finally the inkjet with 6%. It is worth mentioning
that, the data extracted from the microscope was
highly variable, due to the poor uniformity of the
Ag-lines at the microscopic level. This was more pro-
nounced for the dispense-printed lines, where spa-
cings from 90 to 164.5 µm were reached when meas-
uring right at the semi-circular shape. Images of
dispense-, screen-, and inkjet-printed sensors can be
observed in figures 4(a)–(c).

The ANOVA showed a significant variation
among the experimental data of the spacing (S),
p< 0.05. Tukey’s test revealed that dispense and inkjet
differed significantly (p= 0.022). However, between
the screen and dispense there were no statistical dif-
ferences (p= 0.066) as well as between the inkjet and
screen (p= 0.3196). From the statistical analysis, we
can conclude that in terms of layout deviation, the
screen showed to be a good trade-off between the
dispense and inkjet technologies. Furthermore, even
if statistically similar to the screen, inkjet was the
technique that offered the closest value to the nom-
inal layout. Indeed, the great capability of the inkjet
printer to meet the expected features is what makes
this technique the method of choice when looking for
precision.

Excluding the semi-circular shape, the screen-
printed electrodes showed similar morphology and
topography when compared with the dispense-
printed ones. Indeed, both had a sandy texture as
a consequence of the irregular flake structure of the
Ag paste, whereas the inkjet-printed pattern showed
a smoother surface typical of Ag nanoparticle-based
ink. The different inks used for dispense and screen
compared to inkjet printing also determined a dif-
ferent printing thickness of the Ag lines, as shown
in the optical profilometer images in figures 4(d)–
(f). An average thickness of 10 µm for the dispense-
and screen-printed IDEs, and 0.5 µm for the inkjet-
printed IDEs was obtained. These values are within
the range of those typically reported for screen prin-
ted (5–30 µm) and inkjet printed (0.01–0.5 µm)
electrodes [20]. The different Ag line thicknesses and
conductive inks used affected also the resistance val-
ues of the printed Ag lines. We obtained an average
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Figure 2. AFM images of 8, 12, and 22 CNT layers spray-coated on polyimide substrate.

Figure 3. Schematic of the experimental sensor layout’s dimensions and the corresponding microscope pictures. The circles in
green, red, and blue indicate examples of the measurement reference positions for two parallel Ag lines for each printing.

Figure 4. Pictures and profilometer images of: (a) and (d) dispense-printed sensor; (b) and (e) screen-printed sensor; (c) and
(f) inkjet-printed sensor.

resistance of 0.21 Ω ± 0.12 for the dispensed lines,
0.30 Ω ± 0.10 for the screen ones, and 28.5 Ω ± 3.78
for the inkjet-printed lines.

Typically, the sensitive layer is deposited on top
of the electrodes. However, the length of the CNT
used in this work ranges from 0.5 to 1.5 µm, which

6
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Figure 5. (a) Resistance of the printed (dispense, screen, and inkjet) sensors fabricated spraying different layers of CNT (6, 8, 10,
12, 14, 16, and 20). (b) Approximate first-order derivative of the resistance of the printed (dispense, screen, and inkjet) sensors
fabricated spraying different CNT layers. Inset, the scheme of the chemiresistive CNT-based NH3 gas sensor.

is in the same order of magnitude as the thickness of
the inkjet-printed Ag-based electrodes (0.5 µm), and
much lower than the dispense- and screen-printed
Ag paste electrodes (10 µm). Therefore, to provide a
stable and reliable electrical connection between the
spray-coated thin film of CNTs and the contact elec-
trode, the IDEs were deposited on top of the CNTs
[47], as shown in the inset of figure 5(b). The aver-
age resistance of the dispense-, screen-, and inkjet-
printed sensors with 6, 8, 10, 12, 14, 16, and 20 lay-
ers of spray-coated CNT is shown in figure 5(a). The
quantity of the deposited nanomaterial is directly
proportional to the number of layers, thus figure 5(a)
represents a typical percolative behavior of CNT ran-
dom networks, where the resistance decreased as the
number of layers increased until reaching the percola-
tion threshold. After this value, the ohmic conduction
pathway takes over and the resistance remains relat-
ively constant over the increased number of layers.

The percolative threshold of the random CNTs
network was experimentally determined by perform-
ing the approximate first-order derivative of the
curves of resistance versus layers number [48]. As
shown in 5(b), up to eight layers there is a high vari-
ation in the approximate derivative of the resistance,
while the curves reach zero (no more changes in the
resistance value by increasing the layer number) at 12
layers. The sensing performance of a CNT-based gas
sensor is enhanced when the tube density is within
the percolation transition range, being the resistance
of the CNT network themost sensitive to any external
perturbation in this range. However, in this range, the
sensors showed low repeatability and reproducibility
[49]. Thus, 12 layers were selected as a compromise

between sensitivity and reproducibility and used to
fabricate three sensors for eachPT. For this layer num-
ber, the average resistance was ca. 1.5 kΩ ± 0.5, 4.9
kΩ ± 2.6, and 69.75 kΩ ± 3.8 for the dispense-,
screen- and inkjet-printed IDEs, respectively.

3.2. Characterization of sensors response
towards NH3
The fabricated sensors with the three different print-
ing methods and the 12 CNTs layers were tested for
NH3 detection at the following concentrations 3, 10,
25, 50, and 100 ppm. The resistance was measured
as a function of time during the exposure towards
NH3, as presented in the gray bars in figure 6. The 100
ppm exposure cycle is displayed in the pink frame-
work along with the steps carried out during the sens-
ing cycle, as an example of the experimental protocol
used for all the reported NH3 concentrations [35].
The complete set of figures of chemiresistive CNTs-
based sensors analyzed per technique in our experi-
ments is provided in figure S7.

Consistently for all the employed PTs, the sensor
resistance increased as the NH3 concentration pro-
portionally increased. This typical behavior of CNT-
based sensors in the presence of NH3 has been extens-
ively studied and reported in the literature [50, 51].
Briefly, the adsorption of NH3 onto the CNT layer
causes an electron transfer that involves intratube and
intertubemodulation. Specifically, NH3 donates elec-
trons to the valence band of the CNT network redu-
cing hole density in the as-prepared p-type CNT film
and thus increasing the electrical resistance.

As expected, this well-known CNT sensingmech-
anism in the presence of NH3 was similar across

7
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Figure 6. Normalized response vs time of dispense-, screen-, and inkjet-printed CNT- based sensors at different NH3

concentrations. The response at 100 ppm for the three PTs is highlighted in the pink framework with the three phases of the
sensor characterization: (a) the resistance of the sensor at room temperature in dry air, (b) the exposure of the sensor to the NH3

and (c) the resistance of the sensor after the exposure in dry air at 60 ◦C.

Figure 7. a) Normalized average response of the sensors (error bars estimated as a triple of the standard deviation (n= 3))
fabricated by using dispense, screen and inkjet printing at different NH3 concentrations, and (b) corresponding calibration curves
of the printed CNT-based gas sensors.

the three different sensors independently of the PTs,
as shown in figure 7(a). The corresponding calibra-
tion curves presented in figure 7(b), demonstrate a
linear behavior with increasing concentration up to
about 25 ppm, similar to the results previously repor-
ted in [51]. Nevertheless, within the tested range (3–
100 ppm), a large response up to 33% was obtained,
demonstrating the high sensitivity and strong affin-
ity of CNT towards NH3, independently of the PTs.
As mentioned in the introduction, the exposure limit
to NH3 is 35 ppm for 10 min and 25 ppm for 8 h
[24]. Therefore, the sensors presented here can be
used for NH3 monitoring, considering that within

this range all sensors exhibited high sensitivity and
good linearity.

Table 2 shows a summary containing the main
features of the different fully printed sensors, for the
lowest (3 ppm) and highest (100 ppm) NH3 concen-
tration tested. The dispense-printed sensors showed
the highest response as well as the best sensor linear-
ity, followed by the inkjet-and screen-printed ones.

To evaluate if these results were statistically sig-
nificant, a statistical analysis was performed. The
ANOVA showed that there was a significant main
effect between factor A (printing, p< 0.001) and B
(concentrations, p< 0.001), but no interactive effect

8
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Table 2. Summary of the performance of the dispense, screen, and inkjet printed NH3 sensors.

Parameter Dispense printing Screen printing Inkjet printing

Response (∆R/Ro) at 100 ppm % 33± 4 27± 1 31± 5
Response (∆R/Ro) at 3 ppm % 5± 2 3± 1 3± 2
Sensitivitya/Linearity (R2) 0.61/0.98 0.53/0.99 0.54/0.99
a Slope of the linear fitting of the curve from 3 up to 25 ppm.

Figure 8. Schematic of the three primary sensing mechanisms of CNT-based gas sensors. The interaction of the CNTs in the
presence of the analyte (NH3) through the printed IDEs can occur at the contact between the printed Ag-based IDEs and the CNT
(Schottky Barrier, purple circle), at the CNT-CNT contact (inter-CNT, green circle) and at the sidewall or the length of the
individual CNT (intra-CNT, blue circle).

(p= 0.088), which means that printing and concen-
trations are independent of each other and can be
analyzed separately. To simplify the analysis, we have
focused on the printing factor. For this, the Tukey test
showed that the screen- and inkjet-printed sensors
response was not significantly different (p= 0.73),
however, the response of the dispense-printed sensor
differed significantly (p> 0.05) from the other two
sensor groups. In fact, the dispense-printed sensors
showed the highest response.

The sensor response towards NH3 can be
explained by considering that the PT affected the
trace thickness, profile shape, edge, and sample-to-
sample variability. In particular, the layout deviation
with respect to the nominal value is consequently
influencing the performance of the sensors. The most
notable difference between the three different printed
patterns was the presence of a semicircular shape at
the end of the Ag line of the dispense printed sensors
which in effect decreased considerably the spacing
(90–164 µm). Thus, we believe that the achieved nar-
row spacing (not considered in the statistical analysis
of the spacing presented in section 3.1) tuned the
overall sensor response towards higher values. The
broadening of the electrodes and decreased spacing
in these points might have, in fact, enhanced the lat-
eral fringing effect, contributing to the increase in
the response of the dispense printed sensor. In this
respect, future experiments will include the evalu-
ation of such phenomenon, by performing simula-
tions and by limiting the deposition of the film to the
internal part of the IDEs, to ensure that the semicir-
cular shape at the end of the Ag line is not in contact
with the CNT thin film.

Indeed, even if the sensing mechanism of CNT-
based sensors is very complex (dominated by one of

Table 3. Irreversibility values of the different printed sensors.

Concentration
Dispense
printed

Screen
printed

Inkjet
printed

(ppm) (%) (%) (%)

3–10 −0.59± 0.83 0.86± 2.64 1.46± 2.18
10–25 1.20± 0.96 2.65± 2.07 2.23± 1.03
25–50 2.67± 1.95 4.50± 2.70 4.00± 1.31
50–100 2.84± 2.06 4.95± 2.85 4.26± 1.40

the three sensing mechanisms or maybe a combina-
tion of them: intra-tubes, Schottky Barrier, and inter-
tube, as depicted in figure 8, and still not fully under-
stood, it is well-accepted that the primary sensing
mechanisms rely on semiconductive intertubemodu-
lation and so it is affected by the percolative film [36,
52]. Since the quantity of semiconducting pathway
is depending on the IDE spacing [53], the PT used
is ultimately influencing the response of the sensors.
Thus, we believe that in our specific case, the result-
ing response was impacted by the reduced spacing
achieved with the dispense PT in specific spots of the
active area.

The average irreversibility and the standard devi-
ation calculated by comparing the resistance follow-
ing each exposure cycle with the previous initial
resistance for the three different printed sensors is
presented in table 3. The graphical representation
of this parameter and the corresponding equation is
provided in figure S8. The drift and irreversibility are
undesirable features for practical sensors and are still
major problems of CNT-based sensors [54]. At low
concentrations for the three printed sensors, the irre-
versibility is below 2.65%, while at high concentra-
tions, the percentage, particularly for the inkjet and
screen printed sensor, is above 4%. The table also
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Figure 9. Qualitatively assessed printing process characteristics in terms of printing time, printer cost, use printing consumables,
ink waste, and ink use.

demonstrates that like for the other sensing para-
meters the dispense printed sensor performed bet-
ter, showing the lowest percentage at both low and
high gas concentrations. More investigations to fur-
ther explore this aspect will be performed in future
experiments.

The sensitivity of CNTs to a variety of environ-
mental stimuli (such as RH, temperature, pressure,
and gases) is well recognized. Although the impact
of these conditions, except for NH3 was not assessed
in our investigation, this aspect will be taken into
account for subsequent trials. However, regardless
of how these factors affected the CNTs surface, all
sensors were tested in identical ambient conditions.
Therefore, the impact is similar across all printed
sensors. Furthermore, it should be highlighted that
even if dispense-printed sensors showed the highest
sensitivity, lowest irreversibility, and better linearity,
the screen-printed sensors showed the lowest stand-
ard deviation. This can be attributed both to the fact
that screen printing is a more repeatable technique as
well as to the physical contact of the screen during
printing favoring a better electrical contact, making
this response more stable and less noisy and therefore
more consistent between samples. This confirms the
capability of the screen PT to produce reproducible
and robust sensors as demonstrated in [55].

3.3. Lab scale printing process analysis
In order to fully evaluate and compare the PTs, it
is not enough to limit the discussion to the sens-
ing performance of the final devices, as this needs to
cover also the overall production process’s feasibility,
complexity, and cost. For this purpose, a qualitative
assessment of the printing process to a lab scale was
performed considering several processing criteria, as
illustrated in figure 9. In the graph, the three PTs are

analyzed based on their: printing time, printer cost,
use of printing consumables, ink waste, and ink use.
Dispense printing has the advantages of low printer
cost and ink waste, but high ink use (required for
the calibration step). The ink waste was happening
during the calibration step, once the calibration was
done, the ink was deposited precisely via a nozzle
only when needed and the remaining material on the
cartridge was stored for further use. In addition, dis-
pense printing requires high variability of consum-
ables per printing (disposable and plastic nozzles, pis-
tons, and empty clear cartridges). To print 12 sensors,
24 min were required, offering an average time com-
pared to the other two techniques. Screen printing,
while requiring low printing time (5 min to print
12 sensors) and consumables use per printing due
to the highly automated parts and simple printing
steps through contact, it produced a high ink waste
(due to the left material inside the mesh and the con-
stant cleaning of the screen needed between printing
to avoid the clogging of the mesh) while presenting
a high printer cost. Additionally, any modification of
the design requires the purchase of a new mask while
the other two techniques rely on digital design modi-
fications. Finally, inkjet printing offered the advant-
ages of very low ink use and waste, thanks to the cap-
ability to deposit a few picoliters of material DOD
but required the highest printing time (50 min to
print 12 sensors) a low printing speed, and longer
post-treatment.

4. Conclusion

This work presents a systematic experimental-based
comparative analysis between CNT-based NH3

sensors fabricated by using dispense, screen, and
inkjet PTs. The CNT sensing layer was deposited
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via spray coating on a flexible PI substrate and the
dispense, screen, and inkjet PTs were employed to
deposit the Ag-based IDEs. The different PTs were
compared in terms of morphological features, the
gas-sensing performance of the so fabricated sensors,
and the fabrication processes in terms of mater-
ial used, time, and printer cost. The dispense-PT
showed to be a highly versatile prototyping fabric-
ation method resulting in the highest variability on
the actual dimension of the printed design, which
however yielded the highest NH3 sensing response.
On the other hand, screen-printed sensors showed
the best reproducibility in the gas sensor response in
terms of the lowest standard deviation and the higher
production rate, while inkjet-printing proved to be
the technique that allows the lowest ink waste with
fabrication reproducibility and sensing performance
in between the screen and dispense printing. All our
findings were supported by a meticulous statistical
analysis, by means of ANOVA and Tukey tests, after
carefully selecting and considering all the process
parameters. Considering all the findings, we selec-
ted screen printing as the most suitable method for
CNT-based NH3 gas sensor fabrication, due to the
provided high reproducibility, large-scale fabrication,
and good sensor response. To conclude, the influence
of the dimension and morphology of the contacts
connecting the CNTs and the uniformity of the con-
ductive layer is investigated. The comparison of three
PTs for the fabrication of printed NH3 gas sensors
in a systematic manner as compared to the state of
the art on printed CNTs-based sensors is provided.
Furthermore, the results of the printed patterns can
also be used to predict future outcomeswhen utilizing
similar PTs. Future work will be focused on the eval-
uation of the influence of the deposition techniques
and process parameters for the sensing materials,
i.e. CNT ink, and the improvement of the sensing
performance, with respect to selectivity, irreversibil-
ity, and influence of the environmental conditions.
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