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Abstract

A tin dioxide (SnQ) sensor was fabricated by inkjet printing ontoypuide foil. Gold
electrodes and heater were printed on each sidbeokubstrate. A SnCObased ink was
developed by sol-gel method and jetted onto thetreldes. A final annealing at 400°C
compatible with the polymeric transducers allowedsynthetize the SnOsensing film.
Electrical measurements were carried out to chamaet the response of the fully printed
sensors under oxidizing and reducing gases. Th&aavas heated up at a temperature
between 200 and 300°C using the integrated heBier proper operation of the full printed
metal-oxide gas sensors was validated under expasuicarbon monoxide and nitrogen

dioxide, in dry and wet air.
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Highlights

The whole gas sensor was prepared by inkjet pgrignhnology on a polymeric foil.
Sol-gel synthesis allowed to obtain crystallize®ghim at a temperature of 400°C.
The sensor processing is compatible with the ugmlyimide substrate.



1. Introduction

Development of sensing devices onto flexible fadsreceiving special attention with the

advances made in printed electronics [1-4]. Inddlkd, development of sensors on plastic
substrates is of growing interest, with the aimsadhfieving low-cost, flexible, and wireless

devices [5].

Compared to silicon technology, fabrication on ptasubstrates can simplify sensors
manufacturing by avoiding bulk micromachining anghhtemperature process steps required,
for instance, in the realization of silicon microtplates. However, it demands the

development of material synthesis and depositiocgaures compatible with the temperature

plastic supports.

Previous work reporting on the realization of metalde gas sensors onto plastic substrate is
based on clean room fabrication processes [6-7fvadays, additive manufacturing using
printing is of interest to reduce the infrastruetueind simplify the sensors fabrication
procedure. Among the different printing techniquek;jet printing is a contactless technique
able to deliver digitally precise quantities of erals to form well-defined patterns. This
technique is used for the preparation of diffefenttional films [1, 8-11].

Until now, inkjet printed hotplates on polymeridlfavere limited to an operating temperature
of about 100°C due to the use of silver ink [9-1Blowever, metal-oxide gas sensors
normally require higher operating temperatures amate inert materials, such as gold or

platinum, must be implemented.

Regarding inkjet printing of metal-oxide sensingdes, the works published deal with the
deposition onto rigid substrates, made of silicoalamina [12-15]. The ink can be composed
of either precursors or nanoparticles to prepageottide film, but the sintering step occurred

at more than 500°C, which is not compatible with tise of plastic foil.

We report here on the preparation and the charaaten of fully inkjet printed Sn@sensors
with integrated heater onto polyimide (PI) film alib operate at temperatures up to at least
300°C. The hotplate transducers were made of imkjated gold electrodes and heater. $nO

was chosen as gas sensitive layer as it has beiiywised as gas-sensing material since



many years and plays a central role in the fieldad sensors [16-19]. A custom made ink of
tin oxide was formulated and its synthesis usingokgel process was studied. The gold
transducers on polyimide foil were coated via ibkpeinting with the custom made ink

solution and, finally, the electrical responseha sensor to different gases was characterized.

2. Experimental

2.1. Substrate preparation

A flexible foil was used as substrate. Polyimidé) @pilex-50S, 50 um in thickness, was

selected because of its heat resistance propeittythe capability of preserving its physical

and chemical properties at high temperature (upQ@°C). Prior to the printing step, the

substrate was cleaned by successive immersionetioree, isopropanol and deionized water.
After the cleaning process, it was dried into aeroat 120°C for 1h. The substrate could be
optionally subjected to an oxygen plasma treatnier@ner Zepto Plasma reactor) for 2 min

at 100 W (40 kHz) to modify its surface energy.

2.2. Design and printing of the sensors

The transducer consists of gold electrodes on aeedf the PI foil and of a gold heater on
the other side as shown in Figure 1. Electrode® wlesigned to have a simple two parallel
lines structure (Fig.1 b). The design of the heéay. 1 c) was not optimized to minimize the
power consumption of the device but to achievega printing yield.

Commercial gold ink (NPG-J from Harima) was inkiget onto the Pl substrate. The printer
used was a Dimatix DMP-2800 with 10 pL cartridg@$ter printing, gold coatings were
placed in an oven at 250°C for 3 hours to sinterini.

SnG ink was then deposited onto the electrodes. Thapestof the sensing element was a

rectangle of 4 x 2 mfrin order to fully cover the electrodes and thecepa between.
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Fig. 1. Cross section schematic view of the de{édend photographs of the top side
(electrodes and Snof the device (b) and of the back side (heatx) (

2.3. N0, ink preparation

The SnQ material was prepared using sol-gel process agided in the literature [20-22].
SnC} was dissolved in pure ethanol with a concentratibf.25 mol.LX. The mixture was
stirred and kept at 80°C for 5 h in a closed vessébrm a transparent tin ethoxide solution
(Sn(OELt}). The obtained sol was clear and homogeneoushétanbre, the sol was stored in
a closed vessel and was stable over some morkhsping out of contact of humidity.

To inkjet the sol, viscosity and surface tensioneii® be adjusted to fulfil the requirements of
the inkjet printer. For the printer used, the raofieviscosity and surface tension are 10-12
mPa.s and 30-35 mN:respectivelylnks viscosity and surface tension measurements wer
carried out with a viscosimeter DV-1l+ by Brookfiend a portable tensiometer AquaPi by
Kibron, respectively.

Sol viscosity was 1.5 mPa.s and its surface tensi@s 22 mN.nt. In order to adjust these
properties, ethylene glycol (EG) was added to theEhylene glycol was chosen because of
its boiling temperature point near 200°C, whichigher than the 100°C recommended for
inkjet printing in order to prevent quick evapooatiand blocking of the nozzle. By adding
EG to the sol, viscosity and surface tension weoeeased. Various amounts of sol and EG
were mixed. The solution that fulfil the best theguirements of the inkjet printer was
composed of 25 vol% of sol and 75 vol% EG with ascesity of 10.2 mPa.s and surface
tension of 35 mN.f.



The SnQ@ ink was then put into a cartridge. Dimatix softevavas used to set the printing
parameters. The jetting waveform used for the depass adapted from a model given into
the Waveform Editor software of the printer, wittirang voltage set at 20V and a cartridge

temperature fixed at 30°C.
2.4. Characterization techniques

Thermal analyses of the xerogel, thermo-gravimetnialysis (TGA) and differential scanning
calorimetry (DSC), were performed with a coupled AYBSC StafSystem from Mettler

Toledo. Analyses were performed from room tempeeaim 800°C under 5 L hair flow.

X-ray diffraction (XRD) analysis was performed onpmwder with a Siemens D5000
diffractometer using Cu & radiation at 40 kV and 40 mA. Environmental scagrelectron
microscopy (ESEM Philips 30XL ESEM-FEG) was used itwestigate the surface
morphology of the coatings. Transmission Electraorscopy (TEM Philips CM 2000) was
used to characterize the Snfwder and the cross section of the sensor. lardaadprepare
the sensor’s cross section, the lamelés prepared using a Focus lon Beam (FIB) equipment
(Equipex MANUTECH-USD). Carbon and platinum wergadsited on the top of the SpO

layer during the preparation of the lamella.

The gas sensing performances of the sensors waheaged thanks to a gas mixing system
equipped with mass flow controllers. Carbon monexidnd nitrogen dioxide, gases
representative of atmospheric pollution field, wereed as reducing and oxidizing gases,
respectively. It was possible to generate concegatrsfrom 1 to 50 ppm of CO and from 0.6
to 20 ppm of NQ@, either in dry air or wet air (1 vol % absolutentidity, which corresponds
to 50% relative humidity at 20°C) as carrier gise sensor was put in a cell exposed to a
constant gas flow of 10 L’h Thanks to a power supply, the gold heater ab#wkside of the
sensor allowed to heat up the tin dioxide matdretiveen 200 and 300°C. The electrical
responses of the sensors were measured using emetelt (HP 34410A). Resistance data
were recorded as a function of time. Chemo-regstjas responses, defined ag/Rco or
Rno2/Rair, Of the sensor under dry and wet air were caledla compare the printed sensors
characteristics to those of sensors reported inlittature. The chemo-resistive responses
mean value of two tested devices and the standavidttbns were calculated and used to plot

calibration curves. The limit of detection (LOD) svalso calculated and is defined as 3 times



the standard deviation of the background noiseotiumately, sensors electrical responses to

NO; injections of 5 and 20ppm were not measurabl®@t@ (out of range R > f@hm).

3. Results and discussion

3.1. Characterization of ShO, precursor

Before establishing the inkjet printing processtlé solution, the sol was hydrolyzed to
obtain a gel in order to characterize it. By addivager (50 vol %) to the sol and letting the
mixture 24h into a close bottle vessel at 80°C+#lam oven, the transformation sol to gel
occurred. The inorganic network of the gel retansrge amount of liquid phase composed
of water and organic solvent. This gel was theedat 80°C for 24h to obtain a xerogel.
Changing from a humid gel to dry xerogel powdeg thajor part of the liquid phase was
removed. Then, the decomposition in air of the gelowas investigated by

thermogravimetric analysis (TGA) and differentiahsning calorimetry (DSC). Weight loss

and heat flow are reported as a function of theptmature in Fig. 2.
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Fig. 2. Thermo-gravimetric analysis (weight lossyl a@ifferential scanning calorimetry (heat

flow) of SnQ, xerogel as a function of the temperature.

The TGA curve shows, with increasing temperaturegmtinuing loss of mass linked to the
decomposition of the organic compounds retainedhlyinorganic network of the xerogel.
Around 400°C, the total loss of weight constitub@wt % of the initial xerogel weight. The

shape of the DSC curve indicates endothermic affectthe low temperature range (20-



300°C), which are most frequently attributed toamigs decomposition. At 375°C, a sharp
exothermic process occurs simultaneously with tighdst weight loss. As crystallization
process is generally associated with an exotheprak, this can be associated to $nO

crystallization [23, 24].

To confirm the crystallization of the compound abund 400°C, X Ray Diffraction (XRD)
analysis was done onto SnpPowder annealed at 400°C-1h. The powder was diiysthin
the tetragonal structure of Sprhe average crystallites size was calculatedguSicherrer
equation and was 11 £ 1 nm. The average crystaiite was confirmed by transmission
electron microscopy (TEM) done on the powder areteat 400°C. Indeed, as it can be
observed on the micrograph reported in Fig. 33h&, powder is composed of crystallites of

around 10 nm of diameter. These crystallites agtoagerated into larger particles.

Fig. 3. TEM micrograph of the Sn@owder after annealing at 400°C-1h.

3.2. Inkjet printing of the whole sensor onto polyimide substrate

3.2.1. Printing gold transducers

A commercial gold ink was printed to pattern thectlodes and heater onto cleaned and dried
P1 foil without further surface treatment. The igited spots exhibited a diameter of around
150um. Thus, a drop to drop spacing of 100 um vkasen to obtain a uniform gold layer.
Three layers were successively deposited in oadget an electrically conductive track. Gold
electrodes were first printed on one side of thdaifland annealed at 250°C for 3h. The



heater was then printed on the other side of thstsate and sintered also at 250°C-3h.
Pictures of electrodes and heater are reportedginlF) and c), respectively. The resistance
of the heater at room temperature (22°C) wad239ts temperature coefficient resistance
(TCR) was measured between 20 and 200°C thanklionatic chamber. The TCR of the
printed gold layer was of 2.0 K™ and was used to set the temperature of the sersar

injecting power into the heater.
3.2.2. N0, ink deposition

The reservoir of the printhead was filled with t88Q, ink and inkjet printer parameters
(cartridge temperature, jetting waveform) were ajd in order to obtain a drop without
satellite.

Then, the effect of the surface treatment of tHessate and of the drop to drop space (DDS)
on the printing pattern was evaluated. As repomteHBigures 4 a) and c), without a surface
treatment of the PI film, the deposited drops vaemind 30-40 um in diameter; in this case, a
drop to drop space of 20 pm was necessary to gebd coverage of the surface (Fig. 4 c).
When performing an oxygen plasma treatment ontoRhesurface (Fig. 4 b and d), the
deposited drops were spread out with a diamet@606fum and a drop to drop space of 100
um was sufficient to get the coverage (Fig. 4 welver, the amount of deposited matter
was very low in this last case, so making it difficco see the deposited films as they were
almost transparent. Finally, the parameters usedhi® preparation of the sensor were no
surface treatment (only cleaning) and a DDS of &0ip order to have a continuous visible

deposit (Fig. 4 c).



Fig. 4. Optical micrographs of the Syn€bl drop deposited onto Pl substrate: a) and c)
without surface treatment of the substrate, drogrép spaced of 100 um and 20 um,
respectively; b) and d) with{plasma treatment of the substrate, drop to drapespof 100
pm and 20 um, respectively. Red circles underlgmmodited drop size.

To complete the sensor preparation, the Sn®was printed onto the substrate and the gold
electrodes. Four layers were deposited in ordgeta visible layer of SnOmnaterial. A dry
step at 50°C-30 min was implemented between easttegr layer. Finally, a thermal
annealing at 400°C-1h was applied to form the Sii@.

3.3. Microstructural characterization of the sensing layer

After annealing, the coating was transparent affctdlt to observe. SEM micrograph of the
sensor is reported in Fig 5. The Pl substrate urider active layers is black on the
micrograph. The two gold electrodes in grey in ftierograph are 500 pm-wide and spaced
by 600 um. In between the gold electrodes, the,Smw@ting was transparent (black color)
except where the material got accumulated, whishlted in the grey spots shown in Figure
5. Therefore the Snroating was not homogeneous with some non-traespamounts of
matter locally accumulated.
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Fig. 5. SEM micrograph of the sensor. The two grasallel lines correspond to the gold
electrodes and the grey dots correspond to,SeCumulation.

The cross section of the sensor was then charsetielby TEM analysis, in the area where the
transparent coating was located, which means betteztwo gold electrodes and the grey
spots. For this, the lamella was cut thanks toBadguipment. The PI substrate and the thin
SnG layer can be seen in the micrographs presentedyirb. The Sn@layer thickness was

determined to be between 10 and 15 nm, which mianshis transparent coating is made of

only a monolayer of Sn{xrystallites.

Fig. 6. TEM micrographs of the cross section ofgéesor, a) overview and b) Spi@yer at
higher magnification. Carbon and platinum layersengdeposited during the lamella

preparation with FIB technique.



3.4. Evaluation of gas sensing performances

Finally, the electrical responses of the sensoreunghs exposure were evaluated. The
integrated heater at the back side was used tatatii@ sensors temperature. A power supply
of 0.59 Watt and 0.26 Watt was necessary to heats#nsor up to 300°C and 200°C,
respectively. Temperature homogeneity was chedkaaks to a K-type thermocouple and a
difference of less than 20°C was found all over fsmsing element zone which was
acceptable. Two sensors prepared using the sancedun@ were tested and leaded to the
same results. Furthermore, the sensors were tiestetbre than 30 days with the observation

of a slight drift of their baseline but the amptieuof the sensor response remained the same.

Several gas concentrations of CO and;M@re injected, either using dry or wet air asiearr
gas. The electrical conductance of the sensor se¢nsie is plotted in Fig. 7, with injections of
CO and NQ in dry air, at 300°C (Fig. 7 a); 200°C (Fig. 7 &n)d in humid air at 300°C
(Fig.7.c). Under dry air, one can notice that theepSnQ sensor responds to the gases even
at low concentrations, such as 1 ppm CO and 0.6 l[g@m Obviously, the reaction kinetics
are slower at 200°C compared to 300°C, which inspl@nger response time and longer
recovery time at 200°C. Comparing dry and wet aphese, at 300°C (Fig. 7. a) and c)), the
main difference is in the baseline. Indeed, wateknown to increase the conductance [25].
That also implies that the responses to low comagah of CO are largely hidden in the case

of wet air.
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Fig. 7. Evolution of Sn@electrical conductance with CO and Ni@jections at operating
temperatures of a) 300°C and b) 200°C in dry aigt800°C in wet air.

Chemo-resistive gas responses«{Rco or Ruo,/Rair) Of the sensor under dry and wet air were

extracted from these measurements and were phattsds gas concentration in Fig. 8. These
calibration curves evidence that the presence ethtmidity drastically reduced the sensor
response to CO gas (Fig. 8.a). Responses wereesraallier wet air, nearly divided by 2. In
the case of N@(Fig. 8.b), the presence of humidity reduced #tgoresponses but they were
still visible. The influence of temperature wasslggonounced than humidity effect. The



chemo-resistive responses at 300°C were slightlyetothan at 200°C but lowering the
temperature affected mainly the kinetics as meetiopreviously. Finally, the responses to
CO and NQ in the investigated temperature range were corbpar® result reported in
literature for Sn@ sensors [6, 12, 26]. Under humid atmosphere amdb@ih tested
temperatures, 20 ppm of CO was the lowest conderirto obtain exploitable responses of

the sensor compared to 0.6 ppm forANO
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Fig. 8. Calibration curves for CO and N he chemo-resistive responsesgi{Rcoor
Rno2/Rair) are the mean value of the two tested sensorgmadbars represent the standard

deviation.

Limits of detection (LOD) were also calculated aaré reported in Table 1. It confirms that
the performances of pure Spére weaker under humid atmosphere than in drgsgecially
for CO injections. For example, at 300°C, under diy less than 1 ppm CO would be
detectable while under wet air LOD was higher tB@nppm. The LOD for N@injections
were quite low, a few ppb, which is agreement Widrature data [27].



Table 1. Limits of detection of CO and NGf the SnQ inkjet printed sensors.

Limit of detection 300°C| 300°C | 200°C | 200°C

dry air | wetair | dryair | wet air

CO (ppm) 0.5 24 0.4 46
NO; (ppb) 6 9 1 6

Conclusions

We have demonstrated the first fully inkjet print@etal-oxide sensor onto polymeric foil,
including the gas sensitive layer and heating ttaosr. The reported technology allows the
simple preparation of tin oxide sensors with resatimparable to what has been published so
far in the literature on this type of sensors. Wavehreported on a sol-gel tin oxide film
compatible with inkjet printing and the use of dypoide substrate thanks to its synthesis
temperature of 400°C. The different fabricatiorpstef the sensor were characterized and the
gas sensing performances were evaluated. Furgb@mination work on the sensor is
necessary, with the aims of lowering its power comgtion and improving its sensing

performance.
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