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ABSTRACT

The fabrication of printed electronic devices based on metal oxide inks requires the formulation of stable
suspensions with specific fluidic properties. In our work, a tin oxide based solution was synthetized by
aqueous sol-gel method, and transformed into an ink with appropriate viscosity and surface tension to be
inkjet-printed on polyimide foil and sintered at relatively low temperature. Thermal analysis by TGA/DSC
and microstructural analysis by XRD of synthetized sol show that a crystallized structure of SnO- could
be obtained at 350°C, which is lower than crystallization temperatures of SnO previously reported in the
literature, and entirely consistent with the use of polyimide foil. The stability and the rheological
properties of the ink were studied to ensure the jettability criteria of the inkjet-printer. Electrical
measurements of the printed sensing films were performed to characterize the response to CO gas in

different concentrations, at working temperature of 300°C.
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Introduction

Flexible electronics holds a prominent position and is expected to meet emerging technological demands
and unprecedented applications compared to rigid electronics devices [1, 2]. Particularly, the manufacture
of flexible gas sensors based on metal oxide thin film presents an interesting perspective for progress in
many fields such as the monitoring of atmospheric environment, the detection of hazardous gases [3, 4]
and smart food packaging [5]. However, it is subject to restrictions requiring high operating temperatures

which are not compatible with plastic foils.

The use of metal oxides as gas-sensitive material has been widely investigated because of its remarkable
sensing properties and the simple sensing mechanism based on changes of conductance in contact with
some gases [6]. Metal oxide gas sensors were introduced in the year 1960 by two Japanese researchers:
Seiyama who studied the electrical resistance variation of ZnO for the detection of reducing gases and
Taguchi who put in place the first gas sensor based on a SnO; as sensitive material [7]. Among the various
types of metal oxide materials, tin dioxide (SnO.) has attracted considerable attention, widely used as gas
sensor [8, 9] because of its high chemical stability, low cost, rapid response and ease of integration during
sensor design. SnOz is an n-type semiconductor with a wide band-gap (3.6eV). The gas sensing
mechanism mainly originates from the under-stoichiometric tin oxide state (SnO,-«x) when exposed to air
[10] due to oxygen vacancies in the crystal structure.
Metal oxide could be synthesized by different methods including chemical precipitation [11],
hydrothermal method [12], sonochemical process [13], surfactant mediated method [14], radical oxidation
[15] and double-phase method [16]. However, in comparison with other chemical routes, the sol-gel
technique is relatively simple and inexpensive, and it was widely used for preparation of functional inks
[17, 18]. This technique allows easy control of synthetized oxides and the elaboration of materials in the
most varied forms (Thin films, fine powders, fibers, etc). Moreover, it can be operated under low

temperatures [19].



Once tin oxide based sol is chemically synthetized, it must be deposited onto the foil in order to make a
thin film. Many traditional coating techniques have been implemented to prepare sensitive material as
thin film including aerosol assisted CVD [20], screen printing [21], spray coating [22] and inkjet printing
[18]. In particular, inkjet printing technology is currently attracting a special attention for the manufacture
of electronic components [23-26] because this additive technique has the advantage of being fast, accurate
and inexpensive, with its compatibility with various substrate and availability of contactless and no-mask
patterning [27]. The principle of inkjet printing consists in the formation and the ejection of drops by
propagating acoustic pressure waves in the fluid held in a chamber behind the printing nozzle [28].
Nevertheless, challenges remain associated with the control and stability of the jet itself. Undesirable
artifacts, such as deviated jets or unwanted generation of additional droplets, also known as satellite drops,
can indeed occur and strongly influence the uniformity and the performance of printed components.
Therefore, it is crucial to study the stability of the ink and work on the adjustment of its rheological

properties to be well printed with high resolution.

In this paper, inkjet was adopted as a deposition technique in order to print a flexible tin oxide gas sensing
films. A stable sol was synthetized by sol-gel process, and was used as precursor ink with appropriate
viscosity and surface tension. After deposition and curing, a SnO film was obtained and its electrical

properties as a gas-sensing layer were tested under carbon monoxide injections.

Materials and methods

Synthesis of SnO2 based sol by aqueous sol-gel route

The SnO- sol was prepared using aqueous sol-gel process as described in the literature for the preparation
of SnO, nanopowders [29]. The process consists in dissolving 18 mmol of tin chloride (SnCl. Sigma-
Aldrich) in 100 ml of distilled water. Then, a 25% ammonia solution (NH3 Sigma-Aldrich) was added for

complete removal of chloride ions. The addition of NH3 is stopped when the pH is 9. A precipitate of tin



hydroxide was obtained (Sn(OH)n, n=2 or 4) and separated from the solvent by passing the solution
through filter paper on a Blichner funnel and washed several times with diluted ammonia solution. The
precipitate was dissolved in glacial acetic acid (Sigma-Aldrich) and ethylene glycol (Sigma-Aldrich) was
added in order to form a tin complex. The mixture was heated at 90° C and a pale yellow sol containing a

complex of tin cations was obtained after 1h (Fig. 1). Tin concentration in the sol was calculated to be

0.13 M.

Figure 1 Mixture of tin hydroxide with acetic acid and ethylene glycol before heating (left); after
heating (right) at 90°C

SnOz ink formulation for inkjet

We use a commercial lab-scale Dimatix inkjet-printer (DMP-2800, FujiFilm) equipped with a 10 pL
cartridge. This printer requires an ink with surface tension in the range of 28-33 mN/m, viscosity in the
range of 10-12 mPa.s, and pH between 4 and 9. Finally, the ink formulation requires particles with

diameter smaller than 1um to avoid nozzles clogging [30].

For ink preparation, solvents mixture was added to the sol in order to adjust its rheology. For homogeneous
and stable ink preparation, we used solvents with high boiling temperature (Ts) and low vapor pressure
(Pvap) as ethylene glycol (Tw= 197.3°C, Pvap= 8 Pa) and glycerol (Tob= 290°C, Pyvap= 0.4 Pa). Ethanol was
then added for adjusting ink surface tension and viscosity. Finally, 2-1sopropoxyethanol surfactant was

used for fine-tuning of the surface tension.



We use the dimensionless parameter Z to quantify the behavior of the ink in the inkjet printer. This
dimensionless number is the inverse of the Ohnesorge number Oh, which can be used to measure the ratio

between surface tension and viscous forces:

Where p, vy and n the density, surface tension and viscosity of the fluid, and “a” is a characteristic

dimension, i.e., the diameter of the nozzle (DMC-11610 with a nozzle diameter of 21.5 pum were used)

The Z parameter is calculated during ink preparation and it should be between 1 and 10 for successful

inkjet printing [28].

Contact electrodes on foil

A 50um thick polyimide foil was selected as a substrate (Upilex® S-Goodfellow) because of its high
thermal and chemical resistance, and its excellent surface smoothness (Rz < 60 nm). Prior to processing,
the substrate was cleaned by acetone, isopropanol and deionized water then it was dried in an oven at

120°C for 30 minutes.

In order to perform electrical measurements, gold electrodes have to be deposited. A 100 nm thick gold
layer was e-beam evaporated onto polyimide (Boc Edwards — Auto 500) with four sources heated by the

Joule effect. A 3 nm thick chromium layer was evaporated prior to gold to act as an adhesion layer.

A 1064 nm wavelength, pico-second pulsed laser source was used to pattern gold onto foil (Protolaser R,
LPKF). Electrodes have width of 1 mm and space of 500 um and 200 um. The laser frequency and power
were optimized to 75 KHz and 0.8 W in order to reduce heat diffusion and to avoid damages at the

interface between gold and polyimide. The gold electrodes on foil are presented in Fig. 2.



Figure 2 Gold electrodes patterned on plastic foil using laser, with spacing of 500 um (left) and 200

pum (right)

Characterization techniques

The prepared sol was characterized by dynamic light scattering (DLS) using photocorrelation
spectrometer, to estimate the average hydrodynamic size and size distribution of the particles (Malvern
Instruments, Malvern, U.K.). For calculation, the refractive index of SnO2 and the room temperature

viscosity of the sol were taken at 2.006 and 5 mPa.s, respectively.

Simultaneous thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC) of the SnO»
xerogel (dried sol) was carried out in a Mettler-Toledo TGA/DSC STARe System under 5 L/h air flow at
10°C/min. Prior to characterization, the sol was heated at 80°C for few hours in standard oven to obtain a

xerogel, and then it was placed in open alumina pan crucible.

Surface tension and contact angle measurements were characterized using a goniometer (Apollo Instrument
OCAZ200, Dataphysics). We use Owens—Wendt—Rabel-Kaelble (OWRK) method to determine the surface
energy of substrates [31]. This method is based on contact angle measurements of droplets of at least three
reference liquids landing on the surface. The surface energy of the solid ys is additively made up of

dispersive and polar parts:

Vs =vd+vE



Where y¢ and yg are the dispersive and polar part of the surface energy, respectively.

Y5 could be extracted from the equation:

Vi1 + c0s8) =2 [yivd +2, V2V
Where 0 is the contact angle between the surface of the substrate and the liquid, y, is the surface tension
of the liquid, y¢ and y? are dispersive and polar surface tension of the liquid, respectively [32, 33].

During this work, we use deionized water, dilodomethane, ethylene glycol and a mixture of 40% ethylene
glycol and 60% (VVolume) water to determine the surface energy of substrates. Surface tension values of

each liquid are summarized in table 1.

Table 1 Properties of liquids used for contact angle measurements

Y, (MN/m) y# (mN/m) Y1 (MN/m)
Water 51 21.8 72.8
Diiodomethane 0.38 50.42 50.8
Ethylene Glycol 21.3 26.4 47.7
Ethylene Glycol 40% 40.04 20.25 60.29

Structural evolution of SnO with temperature was studied using X-ray diffraction recorded on Siemens
D5000 at 40 mA and 40 kV with Cu-Ka radiation (1.5406 A°). Droplets of SnO2 sol were deposited on
(111) silicon wafer and then annealed at different temperatures. Diffraction patterns were compared with
the reference JCPDS (00-041-1445) and the crystallite size was obtained by the Scherrer formula from

the broadening of X-ray diffraction peaks:

092
- LCos6

Where D is the crystallite size of crystalline structure, A is the X-ray wavelength (1.5406 A°), B is the full

width at half maximum (FWHM) and 6 is the Bragg angle.



Atomic force microscopy (AFM) was performed to determine the microstructural properties of the printed
film using atomic force microscopy Nanowizard 111 (JPK Instruments AG, Germany) in the tapping mode.

The image was obtained from a 1 um? surface, scanning with 512 by 512 pixels.

Thickness of printed layers was determined by SEM microscopy (Carl Zeiss — Ultra 55). A cross-section
of the SnO- layer was prepared using Broad lon Beam (BIB) equipment (llion Gatan), at a beam energy

of 6 keV. The thickness was estimated using ImageJ software.

Finally, electrical characterization of the printed sensor was performed using CO gas, at 300°C in dry
synthetic air. A cylinder of CO gas (300 ppm, diluted in nitrogen) purchased from Air Product and
Chemicals Company was used. The sensor was placed on a heating element equipped with 2 metallic
probes in a glass chamber (500mL) kept under continuous flowing air at a rate of 15 L.h'. The flexible
SnO- gas sensor was stabilized at the operating temperature for a duration between 6h and 12h before
starting CO injection. A K type thermocouple (Chromel/Alumel ) was used to control the operating
temperature of the sensor. Sensor response measurements, 20 min exposure to CO/air mixture and 35
min recovery in air, were recorded for different concentration from 20 ppm to 100 ppm of CO gas. Gas

injections were done using flow meters, and data acquisition was controlled through LabView software.

Results and discussion

Sol characterization

The size distribution profile of the sol synthesized at 90°C for 1h was analyzed by dynamic light scattering
(DLS). The average hydrodynamic diameter of the particles was found to be equal to 6 nm +3 nm. This
result demonstrates the complete peptization of the Sn(OH), in acetic acid and ethylene glycol as no
aggregation was detected. The presence of aggregation may lead to nozzles clogging during inkjet

printing.



Fig. 3 displays TGA/DSC curves of the SnO> xerogel. A weight loss of about 88 % is clearly observed
between 100 and 210 °C, which can be most likely linked to the evaporation of water molecules, acetic
acid (Tp 118°C) and ethylene glycol (Ty 197°C). This weight loss coincides with two endothermic peaks
detected in the DSC curve. The first peak from 90°C corresponds to the evaporation of water molecules
and bounded acetate groups, and the second one at 200°C corresponds to the evaporation of ethoxy bounds

that are chemically linked to tin metal according to Kose et al. [29].
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Figure 3 TGA/DSC thermograms of the SnO:2 xerogel

In Fig. 4, X-ray diffraction patterns of the sol being annealed at temperatures up to 500°C is shown. We
can notice that the samples annealed at 200°C and 300°C are slightly crystalline with an amorphous
background. Crystallization of SnO> occurs at temperature around 350°C, which is lower than

crystallization temperatures of 400°C and 500°C reported in literature [18, 34], making this SnO> deposit



compatible with plastic foil. XRD peaks become progressively narrower as the calcination temperature
increases. On the other hand, no structural transformation occurred and diffraction peaks can be attributed
to the rutile structure. The crystallite size determined by the Scherrer formula was estimated to be
approximately 4.5 nm = 0.1 nm at 350°C, 4.8 nm % 0.1 at 400°C and 8.0 nm £ 0.1 nm at 500°C,

respectively.
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Figure 4 XRD patterns of SnO: films annealed at different temperatures for 1 hour

SnOz ink formulation and inkjet printing

The synthesized tin oxide sol has to be formulated into an ink suitable for inkjet printing. Step one
involved the adjustment of the pH as the synthesized sol is acid with pH 2.4. This was achieved by stirring

the sol at 80°C for a few hours to evaporate the majority of the acetic acid, thus increasing the pH up to
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4-5. The heating temperature was chosen below the boiling temperature of acetic acid in order to avoid

aggregation of nanoparticles in the solution.

At this step, the obtained solution is composed of 0.4 M SnO; in ethylene glycol and residual amount of

acetic acid, with a high surface tension of 40 mN/m and a viscosity of 14.1 mPa.s. First, we added ethanol

gradually to adjust ink rheology and we found that ethanol decreases surface tension and viscosity of the

ink down to 29 mN/m and 6.2 mPa.s, respectively. Then, we added glycerol to increase the ink viscosity

up to 11 mPa.s but glycerol, which has a surface tension 64 mN/m, increased the surface tension of the

mixture to 37 mN/m. Finally, the addition of 2-isopropoxyethanol allows fine-tuning of the surface tension

to a target value of 32 mN/m. The dimensionless Z number of the ink is 2.7 indicating good printing

quality (target range between 1 and 10). Table 2 summarized final proportions of added solvents and ink

properties.

Table 2 proportions of SnOz2 ink solvents with rheological properties given at 20°C

Ethylene
Surface
Glycol +  Ethanol Glycerol  2isopropoxyethanol Viscosity 4
[SnO2Jink tension
Aceticacid % vol. % vol. % vol. (mPa.s) number
(mN/m)
% vol.
Ink SnO; 0.09M 57 29 5 9 10 32 2.7

The stability of this ink was maintained over several months if the ink is refrigerated and stored in a closed

vessel.

Uniform droplets ejection was successfully achieved with an adjusted waveform using 17 V as firing

voltage and 5 KHz as frequency. The gap between the nozzle and the substrate was maintained at 1 mm.
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Very good ejection quality (Fig. 5) was then achieved with single spherical droplets well oriented

vertically.

.—-——-‘c

Figure 5 Strobe photographic images showing an ejected drop of SnO2 ink

After adjusting printing parameters, single droplets were printed onto Upilex in order to determine the
best drop spacing. The diameter of these drops measured using optical microscope (Nikon Eclipse LV150)
was 46 um = 1 um (Fig. 6) and the best drop spacing that gives good surface coverage when printing

rectangle was then fixed at 25 pm.

12



Figure 6 Optical micrograph of SnO: ink drops printed on Upilex observed by Dimatix printer
camera (left) and optical microscope (right)

Substrates surface energy
For sensor fabrication, SnO2 ink will be printed onto polyimide and over gold electrodes. As the gold will

be patterned locally, the surface energy of polyimide after laser treatment was also characterized.

Table 3 summarizes surface energy ys values of materials used in the present study.

Table 3 total surface energy of Upilex and Gold substrate

Substrate Ys (MN/m)
Cleaned Upilex 47
Upilex after laser patterning 42
Upilex + Evaporated Gold 38

The surface energy is one of the fundamental parameters controlling the wettability of ink on substrate
[35]. The substrate should present a surface energy higher than the surface tension of the ink in order to
allow the ink spreading. In our case, the surface energy of gold deposit by evaporation and the cleaned
Upilex were measured at 38 mN/m and 47 mN/m, respectively. The surface energy of Upilex decreases
down to 42 mN/m after laser patterning. The decrease of the surface tension of polyimide could be

13



explained by surface roughness, and chemical modifications in polyimide surface after exposure to laser
beam [36, 37]. Surface energies of Upilex and gold are compatible with the surface tension of formulated
ink of 32 mN/m. The surface energy of the substrate is great enough to wet and spread the ink without the

need of any surface treatment.

Sintering of SnO;z ink

The sintering temperature of the ink ([SnO2]ink = 0.09 M) was fixed at 350°C for 1 h (heat rate of 5°C/
min) in order to crystallize SnO>. The annealing was performed in Rapid Thermal Annealing (RTA) oven
(JIPELEC, Jet First). It is well known in the literature that sol-gel solution deposited SnO; films suffer
from pronounced cracks because of capillary forces exerted by the evaporating solvents leading to
shrinkage of pores [38, 39]. In addition, the difference in coefficient of thermal expansion between plastic
and SnO> thin film may also enhance cracks within the film. Both phenomena maybe responsible of tensile
stress that generates channeling cracks when its value exceeds the tensile strength of the film. In the
literature, successful attempts were conducted to prevent cracks in sol-gel films by reducing the capillary
force during drying, using solvents with low surface tension and low evaporation rate like glycerol, N,N-
dimethylformamide (DMF) and formamide (FA), and using gels with larger pores [39, 40]. However, this

proposal is ineffective when using inkjet because of ink rheological constraints mentioned above.

The top surface views of the samples were examined by an optical microscope (Nikon Eclipse LV150)
and a scanning electron microscope (SEM Ultra 55 - Carl Zeiss). Fig. 7 shows the top surface views of
different SnO> films obtained by different conditions: single pass printing, two layers and three layers
printed by wet on wet and wet on dry method. The wet on wet method consist in printing a next layer
directly after the first one, while in wet on dry method, the first layer is completely sintered at 350°C
before printing the next one. Figure 8 shows clearly the formed cracks on the surface of the film printed

two and three times by wet on wet method.
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2 layers 2 layers 3 layers 3 layers

1layer wet on wet wet on dry wet on wet wet on dry

Figure 7: Optical micrographs of SnO2 thin film obtained by printing (a) once (b) twice wet on wet
(c) twice wet on dry (d) three times wet on wet (e) three times wet on dry

Figure 8: SEM micrographs of the SnO: film printed two times (left) and three times (right) by
wet on wet method on Polyimide and cured at 350°C

Crack-free SnO- films were achieved by using a single-print of the ink (Fig. 7a). Cracks number and width
increase with the number of printed layers by wet on wet method (Fig. 7b, 7d and Figure 8). Printing more
layers leads to larger amount of solvent in the film, and therefore, the capillary forces exerted by the
evaporating solvents become more important which induce more retraction and strong cracks propagation
[41]. These cracks may raise the resistance of films by altering the electronic conduction path. On the
other hand, homogeneous and crack-free film could be obtained by introducing an annealing step at 350°C

between every single print during multi-pass printing (wet on dry method, Fig. 7c, 7e). In this case, a low

15



heating ramp of 5°C/min was used in order to reduce film-drying speed which tends to reduce the capillary

force that lead to crack-free films.

The microstructure and the morphology of printed sensing film were extracted from 1.0 um x 1.0 um AFM
image. Figure 9 shows that the SnO> printed film, made of nano-sized particles, with size range between
30 and 40 nm, is well uniform and dense without porosity. The surface roughness of the printed film is
about 5.5 nm.

Figure 9: AFM images of the SnO2 film printed three times by wet on dry method on polyimide and
cured at 350°C
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A 5x5 mm2 square shape of SnO> was printed onto Upilex and over gold electrodes 3 times by wet on dry
method, and sintered at 350°C for 1h with heating ramp of 5°/min. The sensor layout is presented in Fig.

10.

SnO; printed layer

Upilex

Gold electrodes

Figure 10: Sensor Layout observed under binocular microscope

Fig. 11 shows cross-section SEM micrographs of triple layer of SnO2 sensor deposited by wet on dry

method. The thickness of this layer was about 197 nm.

Figure 11: Cross - sectional image of triple layer of wet on dry SnO2
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Gas sensing application

It should be noted that sensors analyzed in this part are printed by wet on dry method to avoid cracks

formation.

The influence of CO gas on the sensor response was studied at 300°C. We tested two different sensors
containing three layers, with electrodes spacing of 200 um and 500 um. These layers were printed
annealed at 350°C with a low heating ramp as described previously. Fig. 12 shows the response of SnO..
We notice that the conductance of SnO: increases upon exposure to different concentration of CO gas
(20-100 ppm), and it drops rapidly and returns to its original state when the injection of CO gas is stopped
in the testing atmosphere in each cycle, indicating that the gas sensor has reversible response for different
CO concentrations. The change of conductance is mainly due to the interactions between the CO gas and
the surface of the semiconductor sensor. At 300°C, CO gas reacts with the oxygen ions chemisorbed on
the surface of SnO. to form CO; and release an electron, which leads to an increase of conductance [42,
43]. Once the CO injection is interrupted, the reaction between CO and the oxygen ions is stopped, and
the conductance returns to its initial state. Consequently, this result demonstrates that the deposited SnO>

layers by inkjet have adequate properties for gas sensing [9].

We notice that the conductance under air increases by decreasing the electrodes spacing. The electrical
conductance under air of the sensor with electrodes spacing of 200 pm was 4.2x107 @1, while it was
2.6x107 Q1 for the sensor with electrodes spacing of 500 pum. In order to compare the response of these
two sensors, we define the normalized sensor response as G/Go where G and Go are the electrical sensor
conductance when exposed to CO gas and air, respectively. Fig. 13 shows the normalized sensor response
as function of CO concentration (in ppm) when the SnO> thin film was printed three times, with electrodes
space of 500um and 200um, at an operating temperature of 300°C. We observe that the response to CO
increases by decreasing the electrodes spacing. With electrodes space of 500um, the response to 40 ppm
COis 6.3 whileitis 7.5 with electrodes space of 200um. This correlation, between the electrodes geometry
and the gas sensor performance, is compatible with the results discussed in the literature [44, 45].

18



We have fixed the electrodes spacing to 200um and we have tested the sensors made with one and two
printed layers (Fig. 14). The conductance of SnO> increases with the increasing number of layers: the
conductance of one, two and three layers of SnO, when the sensor is exposed to air is about 1.3x108 Q2
2.2x108 Qrand 4.2x107 Q* respectively. As in the case of three layers described previously, the response
increases upon exposure to CO gas and returns to the original value upon exposure to air. Sensor
conductance under CO exposure increases with the number of printed layers. As electrical conductance

under air is increased by increasing the film thickness, the conductance measured under CO is also higher.

— 3 Layers - 500um

—— 3 Layers - 200um

100 ppm

4,0x10°

60 ppm
80 ppm

40 ppm

3,5x10°
3,0x10° -

2,5%x10° 1
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2,0x10° 1

1,5x10° 1

Conductance (Q)

1,0x10° 1
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Figure 12: The change of conductance of SnOz2 thin film printed three times (wet on dry method),
with electrodes spacing of 500 um and 200 um, upon exposure to different concentrations of CO gas
at 300°C
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Figure 13: The normalized sensor response of SnOz2 thin film printed three times, with electrodes
spacing of 500 um and 200 um, to different CO concentrations (20 to 100 ppm) at 300°C
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Figure 14: The change of conductance of SnOz2 thin film printed once and two times (wet on dry
method) upon exposure to different concentrations of CO gas at 300°C
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Conclusion

In summary, flexible SnO> gas sensors were successfully prepared by inkjet printing. SnO2 precursor
solution was synthetized using aqueous sol-gel method, and then the solution was transformed into ink
with suitable rheological properties by adding some solvents and additives. Thermal analyses by
TGA/DSC of synthetized sol have shown that a crystallized structure of SnO> could be obtained at 350°C,
which is entirely consistent with our plastic substrate. XRD patterns have confirmed the crystallization
temperature at 350°C and have shown that the synthesized SnO corresponds to rutile structure. The sensor
electrodes with interspace of 500 pum and 200 um were patterned by gold deposition and laser beam, and
then SnO, was printed and heated at 350°C for 1 hour. Tests under CO gas were performed at 300°C, and

the printed sensors show a reversible response at different CO concentrations.
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