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Abstract: In this paper, we demonstrate the feasibility of realization of transparent gas sensors based
on carbon nanotubes (CNTs). Both sensing layer and electrodes consist of CNTs deposited by spray
deposition. The transparent sensor—with a transmittance higher than 60% in both sensing layer
and electrodes—is characterized towards NH3 and CO2 and compared with a reference sensor with
the same active layer but evaporated Au electrodes. In particular, the sensitivity towards NH3 is
virtually identical for both reference and transparent sensors, whereas the transparent device exhibits
higher sensitivity to CO2 than the reference electrode. The effect of the spacing among consecutive
electrodes is also studied, demonstrating that a wider spacing in fully CNT based sensors results
in a higher sensitivity because of the higher sensing resistance, whereas this effect was not observed
in gold electrodes, as their resistance can be neglected with respect to the resistance of the CNT
sensing layer. Overall, the transparent sensors show performance comparable—if not superior—to
the traditionally realized ones, opening the way for seamlessly integrated sensors, which do not
compromise on quality.
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1. Introduction

One of the new trends in technology is transparent electronics (TE) whose main feature is the
development of invisible circuits. This technology based on transparent materials will allow us
to define circuitry on any surface, making easier the development of the paradigm of the Internet
of Everything (IoE) without interfering in the appearance and usage of the objects/entities where the
devices are located. The realization of electronics, which is seamlessly integrated in daily objects,
as well as in professional tools, might lead to a new set of applications, which would have been
unthinkable just a few years ago. Augmented reality headsets, cellular antennae integrated into
building’s windows [1] and hybrid wearable electronics [2] are just a few examples of commercial
products enabled by the improvements in the field of transparent electronics. The first factor defining
TE devices is, obviously, their capability of being transparent, which is normally quantified in terms
of their transmittance spectra. This quantity is defined as the fraction of incident light at a specific
wavelength that passes through the sample. The first advances of this technology were in the field
of transparent conductive materials leading to liquid crystal displays (LCDs) [3] and solar cells [4]
based on them. From a historical point of view, we are currently in the second generation of TE,
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where some devices—mainly fabricated with traditional techniques—such as thin film transistors
(TFT) [5,6], ultraviolet (UV) sensors [7] and imagers [8] have been developed but the research is
constantly evolving towards new applications [9,10].

The main achievements in TE are analyzed below, starting with thin-film electronic layers,
followed by single devices and ending with electronic systems. Many of the advances and efforts are
focused on the development of transparent electrodes for optoelectronic devices in order to optimize
their performance. In this scenario, indium tin oxide (ITO) is the most used material for its stability
and conductivity. However, its high cost has led researchers to further investigate other conductive
materials. In particular, flexible and transparent electronics attract a lot of attention, where metal
nanowires and conductive materials have opened a wide range of applications. Lipomi et al. reported
the electronic and morphological characteristics of poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) deposited on stretchable poly(dimethylsiloxane) (PDMS) substrates [11].
They explored how the formulation of conductive PEDOT:PSS together with surface treatment
of PDMS influence the resistance of the conductive film and its evolution when it is exposed to various
stretch and strain conditions. They obtained wave-like buckles formed after the first stretch (>10%),
making the film reversibly stretchable. This result only confirms that conductive PEDOT:PSS films
can be moderately stretched while maintaining their transparency. But they can only support 30%
uniaxial strain. Also, their resistance is relatively high to define efficient interconnects and the
manufacturing technique, spin coating, is not scalable and only allows full coating of the surface.
Bobinger et al. presented fabrication of homogeneous and large-area silver nanowire (AgNW) by spray
deposition [12]. They showed how the number of layers and hence the deposition time modulates the
thermal and electrical properties of these thin films and the application of these films as transparent
heaters. Another interesting material is carbon nanotubes (CNTs). These films show lots of desirable
characteristics for printable TE, such as high conductivity, high carrier mobility, optical transparency
and flexibility [13]. The main problem of this material is its environmental stability over time, that is
to say, it is difficult to control and to predict its variations over time due to the fact that CNTs present
high sensitivity to many environmental conditions, such as temperature, relative humidity or gas
concentration [14–16]. On another front, there have been many efforts to obtain transparent films
based of graphene whose outstanding electrical, mechanical and chemical properties make it a perfect
candidate for flexible electronics. Bae et al. demonstrated an efficient method based on roll-to-roll
production and chemical vapor deposition (CVD) for the synthesis, transfer and doping of thin
film graphene [17]. Although reproducible films were obtained, it is not possible to do patterning
of the films and there are manufacturing processes incompatible with printed electronics. A different
and recent solution was presented by Kang et al. [18], based on ‘polymer-metal hybrid electrodes’
where a customized conductive and flexible polymer is prepared. This polymer exhibits both high
transparency (above 90%) and low sheet resistance (tens of Ω/sq.). Although this optoelectronic
performance is desirable for printable TE, the manufacturing technique (CVD) only allows the full
coating of layers, limiting the application of this material in real applications.

Regarding devices, the main scientific contributions are in the direction of transparent TFT
and physical sensors. Lee et al. presented a transparent bending-insensitive pressure sensor [19].
They reported the fabrication of extraordinarily small bending-sensitive, ultra-flexible, optically
transparent and resistive-type pressure sensors using composite nanofibers. This sensor provides an
accurate measurement of only the normal pressure without suffering from any mechanical deformation.
These excellent mechanical and transparent properties lack a fabrication process compatible with
printed electronics and they can only fabricate films. Actually, the electrodes used to test this sensor
are made from sputtered ITO and the sensing layer was deposited by electrospinning, requiring clean
room processes. In the direction of pressure sensors, a transparent and low-power sensor matrix based
on coplanar-gate graphene transistors was reported by Sun et al. [20]. They made use of different
fabrication techniques not combinable at large-scale and with incompatibilities in terms of temperature
and atmosphere conditions. Also, Trung et al. [21] described a transparent and stretchable temperature
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sensor for body-attachable wearable electronics, showing also its response to pressure. In their work,
non-controllable and non-patterning procedures (spin coating and mask etching) were used again
to define the devices, limiting their use in the definition of circuitry layouts. Another example of this
kind of device is the fabrication of transparent thin-film transistors with elastomeric behavior described
by Liang et al. [22]. The entire fabrication was done with solution-based techniques, although they
employed drop casting as fabrication method, with difficult control of the quality of the deposition and
modest up-scalability. There are some examples of printed CNT films in the literature [23,24] using
different fabrication processes.

In this article, we show a transparent gas sensor entirely fabricated by spray deposition,
with performance comparable to similar works obtained with opaque layers and less scalable deposition
techniques. Furthermore, as both the electrodes and the sensing layer are made of CNTs, we reduce
the need of precious materials such as gold or indium, which are commonly employed in similar
applications. To attain the goal, we first characterize the conductance of non-patterned bare CNTs,
in order to find a compromise between the achieved resistance and the sheet resistance for the electrode
layer. Subsequently, we compare the performances of sensors with differently spaced fingers, in order
to find the optimal geometrical structure. Ultimately, we show how the most effective combination
presents performances comparable—and even superior, in certain conditions—to sensors fabricated
with gold electrodes. Hence, we demonstrate how our approach allows for facile and highly scalable
depositions, while enabling the obtainment of semitransparent sensors whose performances are not
hindered by the technical solutions employed for fabrication.

2. Materials and Methods

2.1. Materials and Fabrication Process

For the sensor fabrication, a two-step approach was employed. The initial step was the
deposition and patterning of the electrodes followed by a deposition of the active channel on
foil (Kapton HN). For the reference sensor, gold contacts were evaporated by physical vapor deposition
onto a pre-patterned photoresist layer. Following a lift-off process, the resulting interdigitated
electrode structure was finalized. Sensors with 50 µm, 100 µm and 200 µm spacing were developed.
For the CNT-based electrodes, CNTs (single walled, HANWHA Nanotechnologies), from an in house
made aqueous dispersion stabilized with a dispersant, sodium carboxymethyl cellulose (CMC) [25],
were deposited with various layer numbers using an industrial atomizing spray valve mounted
into an automated motion platform. For further reference on the spraying parameters and strategy,
please consult [26]. Post deposition the samples were placed in dilute HNO3 overnight to remove the
dispersant. The samples were subsequently annealed at 100 ◦C to desorb any excess HNO3 and washed
with deionized water. In order to characterize the resulting layer for the opto-electrical properties,
unpatterned samples, on foil, were fabricated with various layer numbers. For the patterning of the
electrodes, the film was masked with a photoresist and with the aid of oxygen plasma; the CNTs were
selectively etched to result in the same interdigitated structure as with the gold electrodes. The masking
photoresist was removed using an acetone bath. The film thickness of each layer is 48 nm, 60 nm,
74 nm and 97 nm, for 20, 25, 30 and 40 layers respectively.

The processing of the active sensing layer was identical for both sensors. The CNTs (single walled,
Carbon Solution Inc., Riverside, CA, USA) were deposited, with the aforementioned spray valve/stage
system, from an aqueous solution using CMC as a dispersant. Due to the low CNT density required,
the solution was diluted down at a ratio of 1:14 solution:deionized water. Similarly, to the electrode
structures the samples were placed in HNO3 overnight, annealed at 100 ◦C and washed with deionized
water. Figure 1 depicts a schematic of the resulting sensor as well as the process flow for its realization.
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Figure 1. (a) Sensor schematic; (b) fabrication flow.

2.2. Characterization

The sensor module is composed by the gas sensor, placed on a carrier glass together with
a temperature sensor (Pt100) for in-situ temperature monitoring and a Peltier heating element for
temperature control.

Sensors were characterized by measuring the relative change in resistance with respect to the
NH3 and CO2 concentration. In this sense, the voltage drop across its terminal was measured under
a constant sensing current. Before exposing the sensor towards the gases, the initial resistance of the
device was monitored for 1000 s in order to determine a baseline for this sensor. Once a stable initial
resistance was achieved, we introduced the sensor module inside the gas chamber and evaluated its
response by exposing it to different gas concentrations for each of the analyzed gases. The sensor
performance was evaluated through its normalized resistance (NR), defined in (1) as the relative
change in resistance, where Ri and Rf are the initial and final values of resistance in an exposure
cycle, respectively.

NR =
R f −Ri

Ri
(1)

The concentration range for NH3 was between 10 ppm and 100 ppm, achieved by diluting the test
gas with nitrogen as carrier gas at ambient conditions, whereas for CO2 the tested concentrations were
1000 to 5000 ppm with compressed air as carrier gas at ambient conditions. We selected these two gases
because of their industrial and environmental interest [27,28] and because response of CNT-based
devices have been widely studied towards them [29–31]. A measurement cycle consisted of an exposure
interval followed by a recovery interval. The exposure to the test gas along with the carrier gas was set
to a constant flux of 200 mL/min for 300 s at ambient temperature. Recovery was done by heating the
sensor module to 80 ◦C. After that, the high flux (1000 mL/min) was kept for another 300 s at ambient
temperature to facilitate the cooling of the sensor and remove any residual test gas molecules from the
chamber. The last step in the recovery stage was a constant flux of the carrier gas for 300 s at ambient
conditions in order to reestablish the initial value of resistance before a new exposure cycle.

The sheet resistance measurements were performed with a four-point probe head from Jandel
connected to a source measuring unit (Keysight B2901A). All measurements were taken applying
a constant current of 1 mA. The transmittance of the CNT films were measured as described in [32].
In order to compare this transparent gas sensor to a conventional one, we used the same geometry and
sensor architecture but with evaporated gold electrodes as reference sensor with a spacing between
consecutive fingers equal to 200 µm, similar to the one presented in [33].

3. Results and Discussion

3.1. Optical and Electrical Characterization

The experimental values of sheet resistance and transmittance in the range of 350 nm to 800 nm for
films of different thickness are shown in Figure 2b, respectively. Visibly, the higher number of sprayed
layers is, the lower the sheet resistance and the transmittance are. Transmittance values above 60%
enable the use of such networks as semi-transparent electrodes for optoelectronic applications [34].
Therefore, it is necessary to find a trade-off between sheet resistance (desired to be below 150 Ω/sq
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to reduce the impact of the series resistance) and transmittance (expected to be as high as possible
for transparent electrodes).

Figure 2. (a) Sheet resistance of carbon nanotube (CNT) films with regard to the number of CNT layers
sprayed. Corresponding to 48 nm, 60 nm, 74 nm and 97 nm film thickness, for 20, 25, 30 and 40 layers,
respectively; (b) optical transmittance of CNT layers for electrodes definition; (c) electro-optical figure
of merit as a function of the number of layers.

The usual approach for the solution of this trade-off is to look at the electro-optical figure of merit
(FoM) [35], defined as a function of the transmittance at 550 nm and the sheet resistance Rs as:

FoM = 1000×
(T550)

10

Rs
(2)

Figure 2c presents the results, and shows how the highest FoM is obtained for the thinner layers.
An acceptable compromise (i.e., highest FoM with resistance below 150 Ω/sq) is found for the spray
deposition of 30 CNT layers, exhibiting 120 Ω/sq at 65% at 550 nm, similar to what has been achieved
in previous works, [24,32] and it was chosen as preferred electrode thickness. Notice that the sheet
resistance of evaporated Au electrodes is circa 0.2 Ω/sq with virtually no transmittance in the whole
analyzed spectrum.

In the case of the CNT sensing layer, we fixed the number of layers to four because we already
proved that this number provides a good compromise between sensitivity and reproducibility [25].

3.2. Gas Characterization

Figure 3a depicts the temporal response of the resistance under exposure of 10 ppm, 25 ppm,
50 ppm and 100 ppm, of NH3, during 300 s of exposure for CNT-electrodes with different distance
among consecutive fingers (spacing). Figure 3b illustrates the normalized response with respect to NH3

concentration for the different geometries tested. From this graph, we extracted the sensitivity of this
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sensor, defined as the slope of the linear regression curve. Figure 3c compares the response of the
fully-CNT gas sensor with the highest response of an identical Au based sensor. It can be observed
that both curves are similar, proving that the Au-evaporated electrodes can be substituted by the
CNT-based ones without affecting the sensor behavior. In addition to this, the substitution of the Au
electrodes does not seem to affect the recovery time and time constant of the system (data not shown).

Figure 3. (a) Time response of fully transparent sensor to NH3; (b) calibration curves of fully transparent
sensor for NH3; (c) calibration curves towards ammonia for 200 µm spacing for Au and CNT electrodes.

The sensitivity found in the range of 10–100 ppm for the different sensors is presented Table 1.
Remarkably, the wider the electrode spacing, the higher the sensitivity, and for the considered geometry
and material set, a finger spacing of 200 µm is the best candidate for gas sensing. The reason behind
this result resides in the increased resistance of the sensing layer with respect to the electrodes. A static
approximation of the resistance change of the sensor as a response to a gas concentration (NR(c)) can
be written in terms of the electrode resistance Re and the sensing resistance Rs as:

R = Re + Rs(1 + NR(c)) (3)

Table 1. Sensitivity towards NH3.

Spacing (µm) Electrode Material Initial Resistance (kΩ) Sensitivity
(%norm.Response/ppm NH3) Linearity (R2)

50 CNT 6.16 0.1164 0.9621
100 CNT 10.29 0.1831 0.9627

200
Au 27.80 0.2165 0.9687

CNT 27.09 0.2484 0.9428

Assuming the electrode resistance to be the same for all the fabricated sensors and its change
to be negligible with respect to the change of the sensing resistance, it is evident how higher sensing
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resistance (i.e., wider spacing) leads to higher sensitivity. This effect was not observed in gold,
as the resistance of the electrodes can be neglected with respect to the resistance of the sensing layer.
Figure 4 presents the theoretical resistance changes due to the presence of different gas concentrations,
providing a graphical intuitive justification to the observed phenomenon.

Figure 4. (a) Calculated normalized resistance change to NH3 and (b) calculated normalized resistance
change to CO2 for sensors fabricated with Au electrodes (top) and CNT electrodes (bottom). The
discrepancy in response is directly related to the non-negligible electrode resistances, which are 20 Ω
for the Au and circa 5.5 kΩ for CNT.

In particular, the electrodes’ resistance was circa 20 Ω for the Au and circa 5.5 kΩ for CNT.
Considering these electrode resistances, we extrapolated an average film resistance for the different
structure width, equal to 0.8 kΩ, 4.4 kΩ and 25 kΩ, for 50 µm, 100 µm and 200 µm, respectively.
This simple model shows how, on the one hand, the spacing is particularly important for high resistance
films, and on the other hand that the effect would eventually saturate for particularly wide electrode
spacing. Ideally, the normalized response for CNT electrodes would converge to one of the Au
electrodes, if the ratio of the resistance of the sensing layer to the electrodes was sufficiently large.

The choice of an even higher electrode distance, however, would affect the reproducibility of the
overall resistance of the sensor [36], while, at the same time, rendering the measurement with low-cost
equipment more noisy and unstable.

Given the importance of monitoring CO2 both in industrial plants and living environments,
the realization of semi-transparent CO2 sensors would have capital importance. For this reason,
we repeated a similar characterization approach for CO2, showing the temporal response of the sensor
(Figure 5a), its response to the tested concentrations (Figure 5b) and its comparison with a sensor
with Au electrodes (Figure 5c). The sensitivity, linearity and initial value of resistance are detailed
in Table 2. Once more, the sensitivity of the sensor at higher concentration is slightly better in the case
of fully-CNT gas sensor. This effect can be related to the fact that in the carbon-based sensor also the
electrodes are sensitive to the presence of gas molecules, although their response to the gas is different,
because of the different network density. Interestingly, for CO2 exposure, the effect of different spacing
is slightly different in magnitude from what has been previously observed for NH3: The difference
between the calibration curves for 100 µm and 50 µm is much larger than the difference between 200 µm
and 100 µm. This observation, coupled with the fact that CNT electrodes perform better than Au
electrodes for CO2 exposure, seems to indicate that the effect of this gas on the electrodes themselves is
not negligible. At higher concentrations, CO2 is able to induct a big change in the electrodes’ resistance,
which results in a distance-insensitive increased normalized resistance change.
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Figure 5. (a) Time response of fully transparent sensor to CO2; (b) calibration curves of fully transparent
sensor for CO2; (c) calibration curves towards carbon dioxide for 200µm spacing for Au and CNT electrodes.

Table 2. Sensitivity towards CO2.

Spacing (µm) Electrode Material Initial Resistance (kΩ) Sensitivity
(%norm.Response/ppm CO2) Linearity (R2)

50 CNT 4.00 0.000386 0.9973
100 CNT 12.95 0.001856 0.9870

200
Au 34.74 0.001230 0.9596

CNT 31.55 0.002114 0.9930

As demonstrated by the results, these transparent devices not only can be used in certain
applications where transparency is mandatory or desirable but also, they provide a higher response
than those made with gold electrodes, especially in the case of CO2. Therefore, they are interesting even
in those applications where a transparent sensor is not required, providing also a solution processable
device that could be in principle fabricated on any surface. As a final remark, it must be noted how
a classic problem of CNT-based gas sensors is still present in these devices: The lack of selectivity.
This becomes an issue when the sensors are employed in environments where both species are
potentially present, however, the solution to this issue lies beyond the scope of this work. For the
interested reader, nevertheless, we have proposed in the past solutions which could be employed
with a minor increase in process complexity. This drawback could, for instance, be overcome by the
addition of metal nanoparticles (NPs) to the CNT ink as shown in [37]. Due to the low quantity of NPs
required to tune the selectivity, the transparency of the described devices would not be altered.

4. Conclusions

In this paper, we show the feasibility of fabricating low-cost transparent gas sensors fully fabricated
with CNT. In particular, the electrodes are first deposited using spray deposition. To achieve high
conductivity, several layers of unsorted CNTs are sprayed. Subsequently, the active layer based on
a similar CNT solution, but diluted is sprayed on top of the electrodes. The transmittance of the
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fabricated device is limited by the thicker layer required for the electrodes, therefore, a trade-off

between sheet resistance and transmittance is mandatory. We selected 30 spray layers that result
in transmittance above 60% and sheet resistance below 120 Ω/sq.

The transparent device presents a very similar initial resistance to a reference sensor made with the
same sensing layer but with evaporated Au electrodes. With respect to NH3, both reference and fully
CNT sensors exhibit similar sensitivities in the range of concentrations studied (0.22% VR/ppm for Au
electrodes and 0.25% VR/ppm for CNT electrode device). In the case of CO2, the transparent sensor has
almost double the sensitivity (0.0021% VR/ppm) than the reference device (0.0012% VR/ppm), since, in the
former case, both the sensing layer and the electrodes change their resistance when exposed to gas.

We also analyzed the effect of the electrode spacing in the sensor performance, showing that for
full CNT sensors, the larger the distance between consecutive electrodes is, the higher the sensitivity.
We attribute this effect to the non-negligible contribution of the CNT electrodes resistance to the overall
resistance of the sensor.

Given the proven effectiveness of CNT networks as sensing layers for a number of different
physical and chemical quantities, we believe that the reproduction and improvement of the approach
presented in this contribution could be extended to many sensor classes. For this reason, we believe
that this work could be seminal for the obtainment of inexpensive transparent sensors and actuators,
which will help shape the new generation of transparent electronics.

Author Contributions: Conceptualization, A.A.; methodology, F.C.L.; formal analysis, A.F.; investigation, F.C.L.;
resources, P.L.; Writing—Original draft preparation, A.R.; Writing—Review and editing, J.F.S.; supervision, A.R.

Funding: This work has been partially supported by the fellowship H2020-MSCA-IF-2017-794885-SELFSENS and
the TUM Graduate School.

Acknowledgments: The authors are thankful to Carlota Rivadeneyra for the valuable support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. AGC Inc. Agc Develops a Synthetic Fused Silica Glass Antenna for 5 g. Available online: http://www.agc.
com/en/news/detail/1198353_2814.html (accessed on 27 May 2019).

2. Research, J. Hybrid Smartwatches to Make up over 50% of Smartwatch Shipments by 2022, as Fashion Beats
Function. Available online: https://www.juniperresearch.com/press/press-releases/hybrid-smartwatches-
make-up (accessed on 27 May 2019).

3. Leterrier, Y.; Medico, L.; Demarco, F.; Månson, J.-A.; Betz, U.; Escola, M.; Olsson, M.K.; Atamny, F. Mechanical
integrity of transparent conductive oxide films for flexible polymer-based displays. Thin Solid Film. 2004,
460, 156–166. [CrossRef]

4. Huang, J.; Li, G.; Yang, Y. A semi-transparent plastic solar cell fabricated by a lamination process. Adv. Mater.
2008, 20, 415–419. [CrossRef]

5. Salvatore, G.A.; Münzenrieder, N.; Kinkeldei, T.; Petti, L.; Zysset, C.; Strebel, I.; Büthe, L.; Tröster, G.
Wafer-scale design of lightweight and transparent electronics that wraps around hairs. Nat. Commun. 2014,
5, 2982. [CrossRef] [PubMed]

6. Chae, S.H.; Yu, W.J.; Bae, J.J.; Duong, D.L.; Perello, D.; Jeong, H.Y.; Ta, Q.H.; Ly, T.H.; Vu, Q.A.; Yun, M.
Transferred wrinkled al2o3 for highly stretchable and transparent graphene–carbon nanotube transistors.
Nat. Mater. 2013, 12, 403–409. [CrossRef]

7. Song, C.; Zhang, N.; Lin, J.; Guo, X.; Liu, X. Sb2O3/Ag/Sb2O3 multilayer transparent conducting films
for ultraviolet organic light-emitting diode. Sci. Rep. 2017, 7, 41250. [CrossRef]

8. Lai, T.-H.; Lee, J.W.; Manders, J.R.; So, F. Multi-spectral imaging with infrared sensitive organic light emitting
diode. Sci. Rep. 2014, 4, 5946.

9. Zheng, Z.; Yao, J.; Wang, B.; Yang, G. Light-controlling, flexible and transparent ethanol gas sensor based
on zno nanoparticles for wearable devices. Sci. Rep. 2015, 5, 11070. [CrossRef]

10. Jing, Q.; Xie, Y.; Zhu, G.; Han, R.P.; Wang, Z.L. Self-powered thin-film motion vector sensor. Nat. Commun.
2015, 6, 8031. [CrossRef]

http://www.agc.com/en/news/detail/1198353_2814.html
http://www.agc.com/en/news/detail/1198353_2814.html
https://www.juniperresearch.com/press/press-releases/hybrid-smartwatches-make-up
https://www.juniperresearch.com/press/press-releases/hybrid-smartwatches-make-up
http://dx.doi.org/10.1016/j.tsf.2004.01.052
http://dx.doi.org/10.1002/adma.200701101
http://dx.doi.org/10.1038/ncomms3982
http://www.ncbi.nlm.nih.gov/pubmed/24399363
http://dx.doi.org/10.1038/nmat3572
http://dx.doi.org/10.1038/srep41250
http://dx.doi.org/10.1038/srep11070
http://dx.doi.org/10.1038/ncomms9031


Sensors 2019, 19, 4591 10 of 11

11. Lipomi, D.J.; Lee, J.A.; Vosgueritchian, M.; Tee, B.C.-K.; Bolander, J.A.; Bao, Z. Electronic properties
of transparent conductive films of pedot: Pss on stretchable substrates. Chem. Mater. 2012, 24, 373–382.
[CrossRef]

12. Bobinger, M.; Angeli, D.; Colasanti, S.; La Torraca, P.; Larcher, L.; Lugli, P. Infrared, transient thermal,
and electrical properties of silver nanowire thin films for transparent heaters and energy-efficient coatings.
Phys. Status Solidi 2016, 214, 1600466. [CrossRef]

13. Gruner, G. Carbon nanotube films for transparent and plastic electronics. J. Mater. Chem. 2006, 16, 3533–3539.
[CrossRef]

14. Kuo, C.Y.; Chan, C.L.; Gau, C.; Liu, C.-W.; Shiau, S.H.; Ting, J.-H. Nano temperature sensor using selective
lateral growth of carbon nanotube between electrodes. IEEE Trans. Nanotechnol. 2007, 6, 63–69. [CrossRef]

15. Han, J.-W.; Kim, B.; Li, J.; Meyyappan, M. Carbon nanotube based humidity sensor on cellulose paper. J. Phys.
Chem. C 2012, 116, 22094–22097. [CrossRef]

16. Zhang, T.; Mubeen, S.; Myung, N.V.; Deshusses, M.A. Recent progress in carbon nanotube-based gas sensors.
Nanotechnology 2008, 19, 332001. [CrossRef] [PubMed]

17. Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.-S.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Kim, H.R.; Song, Y.I. Roll-to-roll
production of 30-inch graphene films for transparent electrodes. Nat. Nanotechnol. 2010, 5, 574–578.
[CrossRef]

18. Kang, H.; Jung, S.; Jeong, S.; Kim, G.; Lee, K. Polymer-metal hybrid transparent electrodes for flexible
electronics. Nat. Commun. 2015, 6, 6503. [CrossRef]

19. Lee, S.; Reuveny, A.; Reeder, J.; Lee, S.; Jin, H.; Liu, Q.; Yokota, T.; Sekitani, T.; Isoyama, T.; Abe, Y.
A transparent bending-insensitive pressure sensor. Nat. Nanotechnol. 2016, 11, 472. [CrossRef]

20. Sun, Q.; Kim, D.H.; Park, S.S.; Lee, N.Y.; Zhang, Y.; Lee, J.H.; Cho, K.; Cho, J.H. Transparent, low-power
pressure sensor matrix based on coplanar-gate graphene transistors. Adv. Mater. 2014, 26, 4735–4740.
[CrossRef]

21. Trung, T.Q.; Ramasundaram, S.; Hwang, B.U.; Lee, N.E. An all-elastomeric transparent and stretchable
temperature sensor for body-attachable wearable electronics. Adv. Mater. 2016, 28, 502–509. [CrossRef]

22. Liang, J.; Li, L.; Chen, D.; Hajagos, T.; Ren, Z.; Chou, S.-Y.; Hu, W.; Pei, Q. Intrinsically stretchable and
transparent thin-film transistors based on printable silver nanowires, carbon nanotubes and an elastomeric
dielectric. Nat. Commun. 2015, 6, 7647. [CrossRef]

23. Kordás, K.; Mustonen, T.; Tóth, G.; Jantunen, H.; Lajunen, M.; Soldano, C.; Talapatra, S.; Kar, S.; Vajtai, R.;
Ajayan, P.M. Inkjet printing of electrically conductive patterns of carbon nanotubes. Small 2006, 2, 1021–1025.
[CrossRef] [PubMed]

24. Falco, A.; Salmerón, J.; Loghin, F.; Abdelhalim, A.; Lugli, P.; Rivadeneyra, A. Optimization of process
parameters for inkjet printing of cnt random networks on flexible substrates. In Proceedings of the 2016
IEEE 16th International Conference on Nanotechnology (IEEE-NANO), Sendai, Japan, 22–25 August 2016;
pp. 487–490.

25. Abdellah, A.; Abdelhalim, A.; Loghin, F.; Kohler, P.; Ahmad, Z.; Scarpa, G.; Lugli, P. Flexible carbon nanotube
based gas sensors fabricated by large-scale spray deposition. Sens. J. IEEE 2013, 13, 4014–4021. [CrossRef]

26. Loghin, F.; Colasanti, S.; Weise, A.; Falco, A.; Abdelhalim, A.; Lugli, P.; Abdellah, A. Scalable spray deposition
process for highly uniform and reproducible cnt-tfts. Flex. Print. Electron. 2016, 1, 045002. [CrossRef]

27. Commission Directive 2000/39/ec. Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/

?uri=CELEX:02000L0039-20100108&from=EN (accessed on 8 June 2000).
28. United States Department of LABOR. Occupational Safety and Health Administration. Available online:

https://www.osha.gov/dts/chemicalsampling/data/CH_218300.html (accessed on 1 October 2019).
29. Teerapanich, P.; Myint, M.T.Z.; Joseph, C.M.; Hornyak, G.L.; Dutta, J. Development and improvement of carbon

nanotube-based ammonia gas sensors using ink-jet printed interdigitated electrodes. IEEE Trans. Nanotechnol.
2013, 12, 255–262. [CrossRef]

30. Schütt, F.; Postica, V.; Adelung, R.; Lupan, O. Single and networked zno–cnt hybrid tetrapods for selective
room-temperature high-performance ammonia sensors. ACS Appl. Mater. Interfaces 2017, 9, 23107–23118.
[CrossRef] [PubMed]

31. Abdelhalim, A.; Winkler, M.; Loghin, F.; Zeiser, C.; Lugli, P.; Abdellah, A. Highly sensitive and selective
carbon nanotube-based gas sensor arrays functionalized with different metallic nanoparticles. Sens. Actuators
B Chem. 2015, 220, 1288–1296. [CrossRef]

http://dx.doi.org/10.1021/cm203216m
http://dx.doi.org/10.1002/pssa.201600466
http://dx.doi.org/10.1039/b603821m
http://dx.doi.org/10.1109/TNANO.2006.888531
http://dx.doi.org/10.1021/jp3080223
http://dx.doi.org/10.1088/0957-4484/19/33/332001
http://www.ncbi.nlm.nih.gov/pubmed/21730614
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.1038/ncomms7503
http://dx.doi.org/10.1038/nnano.2015.324
http://dx.doi.org/10.1002/adma.201400918
http://dx.doi.org/10.1002/adma.201504441
http://dx.doi.org/10.1038/ncomms8647
http://dx.doi.org/10.1002/smll.200600061
http://www.ncbi.nlm.nih.gov/pubmed/17193162
http://dx.doi.org/10.1109/JSEN.2013.2265775
http://dx.doi.org/10.1088/2058-8585/1/4/045002
http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02000L0039-20100108&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02000L0039-20100108&from=EN
https://www.osha.gov/dts/chemicalsampling/data/CH_218300.html
http://dx.doi.org/10.1109/TNANO.2013.2242203
http://dx.doi.org/10.1021/acsami.7b03702
http://www.ncbi.nlm.nih.gov/pubmed/28654234
http://dx.doi.org/10.1016/j.snb.2015.06.138


Sensors 2019, 19, 4591 11 of 11

32. Falco, A.; Cinà, L.; Scarpa, G.; Lugli, P.; Abdellah, A. Fully-sprayed and flexible organic photodiodes with
transparent carbon nanotube electrodes. ACS Appl. Mater. Interfaces 2014, 6, 10593–10601. [CrossRef]

33. Abdellah, A.; Abdelhalim, A.; Horn, M.; Scarpa, G.; Lugli, P. Scalable spray deposition process
for high-performance carbon nanotube gas sensors. Nanotechnol. IEEE Trans. 2013, 12, 174–181. [CrossRef]

34. Chien, Y.-M.; Lefevre, F.; Shih, I.; Izquierdo, R. A solution processed top emission oled with transparent
carbon nanotube electrodes. Nanotechnology 2010, 21, 134020. [CrossRef]

35. Haacke, G. New figure of merit for transparent conductors. J. Appl. Phys. 1976, 47, 4086–4089. [CrossRef]
36. Colasanti, S.; Bhatt, V.D.; Abdelhalim, A.; Lugli, P. 3-d percolative model-based multiscale simulation

of randomly aligned networks of carbon nanotubes. IEEE Trans. Electron Devices 2016, 63, 1346–1351.
[CrossRef]

37. Star, A.; Joshi, V.; Skarupo, S.; Thomas, D.; Gabriel, J.-C.P. Gas sensor array based on metal-decorated carbon
nanotubes. J. Phys. Chem. B 2006, 110, 21014–21020. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/am5022123
http://dx.doi.org/10.1109/TNANO.2013.2238248
http://dx.doi.org/10.1088/0957-4484/21/13/134020
http://dx.doi.org/10.1063/1.323240
http://dx.doi.org/10.1109/TED.2015.2513012
http://dx.doi.org/10.1021/jp064371z
http://www.ncbi.nlm.nih.gov/pubmed/17048920
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Fabrication Process 
	Characterization 

	Results and Discussion 
	Optical and Electrical Characterization 
	Gas Characterization 

	Conclusions 
	References

