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ABSTRACT

SnQ thin films were prepared by spray pyrolysis tegei. Aqueous solution (0.05M) of SHZH,0 in deionized
water was chosen as the starting solution for theparation of thin films. The aerosol produced mzzie was
sprayed on glass substrate heated at Z50The sensing performance of the films was tdstegarious gases such
as LPG, hydrogen, ethanol, carbon dioxide, ammamitaggen dioxide, nitrogen monoxide and sulphuxiie. The
sensor (30 min) showed high gas response (S = a.650°C) on exposure of 100 ppm of Néhd high selectivity
against other gases. Its response time was shos) @nd recovery was also fast (9 s). To understaadons
behind this uncommon gas-sensing performance ofilthe, their structural and microstructural progars were
studied using X-ray diffraction, electron microsgqirE-SEM and TEM) respectively. Elemental comjmositvas
studied using energy dispersive of X-rays (EDAKE fesults are discussed and interpreted.
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INTRODUCTION

SnQ is an n-type semiconductor, which has attractedidenable attention due its unique electrical, agitand
catalytic properties useful for variety of applicass. For example, stannic oxide is used in trarsgeheaters for
windshield defrosting, in anti-reflection coatingrfsolar cells, as a transparent electrode fortrelechromic
devices, as a sensing material for combustiblesgasors and as a electro catalysts for organicataid reaction
[1]. SNG posses excellent capability of exchange of oxyfgem the atmosphere due to natural non- stoichigmet
that makes it the most suitable material for gassisg application. The adsorption/desorption ofgety on the
surface of Sn@is the key parameter for change in conductance. &dsorbed oxygen on the surface (or grain
boundaries) of SnOcaptures the free electrons and becoméslids important to point out that chemisorptioh o
oxygen is crucial for gas sensing mechanism. Gasirsg applications demand materials at a quick aesp-
recovery time and high response for trace levedadigtn of various gases. Semi-conducting tin oxsdeund useful
for various gas sensing applications and improaveénsitivity and selectivity with appropriate ¢ydés [2]. Several
potential applications have been reported previossich as a transparent conductive electrodeolar sells [3] a
gas sensing material for gas sensors devicespdtochemical and photoconductive device, liquigial display
[5], gas discharge display, lithium-ion batteries¢c. There has been intensive research on improtfinggas
response and selectivity by controlling the pagtisize [6], nanostructures [7], sensing temperd@ir®], surface
structure [10] and catalysts [11].

The sensors based on Sn@nostructures demand higher operating tempegat(ne the other hand, the practical
on field gas sensors demand room temperaturestopgesensors with enhanced response characterfstidsace
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level detection of harmful gases. NS the major cause of formation of ground-levedrez in the stratosphere, acid
rains, and an active ingredient to global warmihg]][ Exposure to high concentrations of N€éan make living
organisms more susceptible to bacterial infectiand lung cancer. Just like other pollutants, niroglioxide
affects people with existing medical conditions mseverely than healthy people.

Nanostructure thin films of Snihave been prepared by various techniques sucgprag gyrolysis [13], ultrasonic
spray pyrolysis [14], chemical vapour depositiorb][lactivated reactive evaporation [16], ion-beassisted
deposition [17] and sol-gel [18] methods. Amongsthéechniques, spray pyrolysis has proved to belsejm
reproducible and inexpensive, as well as suitabteldrge area applications. Besides the simple raxpatal
arrangement, high growth rate and mass productepatiility for large area coatings make them udefuindustrial
as well as solar cell applications. In additiomagppyrolysis opens up the possibility to contta film morphology
and particle size in the nanometer range. As detraied [19] spray pyrolysis is a versatile techeidor deposition
of metal oxides

In the present investigations, nanostructured ,3h films with different spraying time of the stilon were
prepared by spray pyrolysis technique. Structuraperties and grain sizes were studied using Xdi#fyaction.
Elemental composition was studied using EDAX. Msatracture was studied using FESEM and TEM. These
nanocrystalline Snothin films were tested for sensing different gaaed were observed to be most sensitive to
NO, at 150°C.

MATERIALS AND METHODS
2.1. Preparation of nanostructured Sn@hin films

Figure 1 shows spray pyrolysis technique for prafam of nanostructured SaGhin films. Set-up consists of
spraying chamber, spray nozzle (gun), compressardigier gas, heating system, and temperatureatati.

Spraygun _l
Precursor Solution [ 1 (v}
Reservain '
—B Presisutge Compressed
Spraynozzle ‘ izl carriergas
Substrate Thermocouple
Steel plate 1
-
Heater ' =

Fig.1. Schematic diagram of spray pyrolysis systefior the preparation of nanostructured SnG thin films.

Nanostructured SnChin films were prepared using the above set upuedus solution (0.05M) Tin (ll) chloride
dehydrate (SnGI2H,0), Purified Merck) was chosen as the startingtsmiufor the preparation of the films. The
stock solution was delivered to nozzle with constard uniform flow rate of 70 mi/h. by compresséd arious
parameters such as nozzle-to-substrate distanpesitien time and flow rate of solution, depositimmperature
and concentration were optimized to get good quélins. Thus the films with different spraying t@rof: 10 min,

20 min, 30 min and 40 min were obtained and refetoeas S1, S2, S3 and S4 respectively. The aeposduced

by nozzle was sprayed on the glass substrate heat28GC. It is well known that when the aqueous Tin (I1)
chloride dehydrate solution is sprayed on a heatdsbtrate, a pyrolytic reaction takes place andaastalline
metal oxide is produced. The as prepared nanodigst&nG thin film samples S1, S2, S3 and S4 were annealed
in air at 506C for 1 h.
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The usual expressions for this reaction are predantEqg. (1)
SnCh. 2H,O — SnQ +2H, 1+ Ch T - (1)

2.2. Sensing system to test the gases

Glass chamber

Gas
v oh

Sensor - | \

Heater -_|
| _Thermocouple
— Insulator

| |
Gasilet ==l __ ar Supply — = Temp. Indicator

Fig. 2. Block diagram of gas sensing system

Figure 2 shows block diagram of gas sensing sysfdma.gas sensing studies were carried out usirgtie gas
chamber to sense N@as in air ambient. The nanocrystalline $tiin films were used as the sensing elements. Cr-
Al thermocouple is mounted to measure the tempexaithe output of thermocouple is connected to twatpre
indicator. Gas inlet valve fitted at one of thetparf the base plate. Gas concentration (100 ppsijlé the static
system is achieved by injecting a known volumeest gas in gas injecting syringe. Constant vol(ay® is applied

to the sensor and current can be measured by pinetan

3. MATERIAL CHARACTERIZATIONS
The nanostructured Sa@hin film were characterized by X-ray diffractioMififlex Model, Rigaku, Japan) using

CuKa radiation with a wavelengtti, = 1-5418 A. The microstructure and elemental coritipasof the films was
analyzed using fiel®emissionscanning electron microscope coupled with enengpetisive spectrophotometer
((FE-SEM, JEOL. JED 6300) And Transmission electmitroscopy (TEM) [CM 200 Philips (200 kV HT)].
Electrical conductivity and gas sensing properti&se measured using a static gas sensing systeenséisor
performance on exposure of LPG, £8,, NHs, C;HsOH, CL NO,, NO and S@was examined.
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Fig. 3. X-ray diffractogram of nanostructured SnQ;, thin films samples: (a) S1, (b) S2, (c) S3 and (84.
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RESULTS AND DISCUSSION

4.1. X-ray diffraction analysis

Figure 3 shows the X-ray diffractogram of thin fisamples S1, S2, S3 and S4. The peaks in the XRErpanatch
well with the reported ASTM data of pure ShASTM data Card no.05-0467) [20]. It is revealednf X-ray
diffractogram that the material is crystalline iature with tetragonal phase. The average crysalite of tin oxide
thin film samples were calculated by using the 8@rdormula

B 0- 9/pcoy (2)

Where,D = Average crystallite sizej = X-ray wavelength (1-5418 A)y;= FWHM of the peakd= Diffraction
peak position.

The calculated crystallite sizes were presentéichlrie 2

4.2. Surface Morphology
The microstructure of the prepared film was analymsing a field emission scanning electron micrpsc(FE-
SEM, JEOL. JED 6300)

Figure 4(a)—(d) shows the FESEM images, showinéasartopography of S1, S2, S3 and S4 thin film damp
respectively. The morphology of the grains was hbyigpherical in shape. Thus the grain size goemarasing
with the increase in spraying time of the solutibnFig. 4 (a), (b) and (c) grains are uniformlgttdbuted and Fig.4
(d) show agglomeration of grains. It may be duecdtlapse of larger grains into smaller with theregase of
spraying time of the solution. The observed gr@eswere presented in Table 2.

84600 50KV 8,8 x100k

Fig.4. FESEM images: (a) S1, (b) S2, (c) S3 and @&%.
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4.3. Microstructured property using TEM

Fig.5. TEM images of most sensitive nanostructure8n0O, thin film sample (S3)

Figure 5 shows the TEM of nanocrystalline $rifiin film was obtained by scratching the thin filithe powder
was dispersed in ethanol. Copper grid was usealtbthe powder. It is clear from TEM image that tirains are
nanocrystalline in nature. Observed average giagwsas 10 nm.

4.4. Quantitative elemental analysis (EDAX)

The quantative elemental composition of the nanotired SnQ thin film (sample S3) was analyzed using an
energy dispersive spectrometer shown in Figure 6.
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Fig. 6. Elemental analysis of nanostructured Sngxhin film sample (S3)

Table 1. Quantative elemental analysis as preparethnostructured SnO,thin film

Element mass% at%

(0] 25.00  71.2¢
Sn 7497 28.26
Total 100 100

Stoichiometrically expected at % of Sn and O i383and 66.70, respectively, observed at% Of SnGuftiable 2)

was: 28.26 and 71.24, respectively. It is cleamffbable 1. that as prepared nanocrystalline Sh@® films was
observed to nonstoichiometric in nature.
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4.5. Determination of film thickness

Film thickness was measured by using a micro gratrical method [21] (considering the density of thek tin
oxide). The films were deposited on clean glastesliwhom mass was previously determined. Afteddposition
the substrate was again weighted, determining tltantity of deposited SrfOMeasuring the surface area of the
deposited film, taking account of Sp€pecific weight of the film, thickness was deterad using the relation:

T= MsnodA* p *10* ()
Where A = Surface area of the film [gnMs,0.= Quantity of the deposited tin oxide = Specific weight of SnO

5. ELECTRICAL PROPERTIES
5.1. |-V characteristics
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2000000 -
0
-30 -20 P 10 20 30
-2 )
A Applied voltage (V)
47-4000000 -
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&
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Fig. 7. 1=V characteristics of nanostructured Sn@thin film sensors.

The contacts were made by silver paste on thin dilmface. The configuration was 1.5 cm x 1 cm. gl shows
I-V characteristics of nanocrystalline Snthin films for the samples sprayed for 10 min,r@il, 30 min. and 40
min. The graph is symmetrical, but not in a complet#ynic behavior. It may be due to the semiconduatiaiyire
of the films.The graphs are observed to be symmetrical in @ahdicating ohmic contact. Confirmation of ohmic
contacts would ensure that the change in resistamdd only be due to the influence of gas expasure

5.2. Electrical conductivity

e 51=10 min.

—H=5/=200min.

A=53=30min.

—#=54=40min.

log a(mho.cm)
o
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1000/T(K?)

Fig. 8. Variation of log (o) with operating temperature °C).
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Figure 8 shows the variation of log)(with operating temperature. The conductivity atle sample is observed to
be increasing with an increase in temperature réegeeen 100C and 200°C in steps of 28C. The increase in
conductivity with increase in temperature couldatibuted to negative temperature coefficientadistance and
semiconducting nature of nanocrystalline $nid clearly indicates that the nanostructured Stttn films were
semiconducting in nature.

Table 2. Measurement of spray time, film thickness;rystallite size, grain size and activation energy

Sample Spray Thickness Crystalline Grain size Activation energy
No. time (nm) size from XRD from E)
(min) (nm) FE-SEM 50°C 200°C
(nm)

S1 10 205 19 17 0.57 eV 0.49 eV
S2 20 241 26 23 0.51 eV 0.46eV
S3 30 302 30 27 0.43 eV 0.35eV
S4 40 329 33 30 0.31 eV 0.28eV

It is clear from Table 2 that as the spraying tiofieche solution increases, thickness of the filnegon increasing
with an increase in crystalline and grain size wtlaktivation energy decreasing. Crystallinity oé tmaterial is
direct dependence on the film thickness. Crysitjlihas been observed to improve with an incredsthe film
thickness [22]. Moreover, the increase of crydwliize could be attributed to the improvementhef ¢rystallinity
and an increase in the cluster formation leadingagglomeration of small crystallites. These agglatesl
crystallites coalesce together resulted in the &vion of larger crystallites with better crystailin

It is reported [23, 24] as the thickness of thenfincreases activation energy goes on decreagitegtrical
conductivity was calculated using the relation:

6 =0, exp (-A E/KT) 4)
Where,c = conductivity; o, = conductivity constant; k = Boltzmann constant;= Temperature

In Table 2 the activation energy is calculated fralopes of line for sample S1, S2, S3 and S4 thirsf It is clear

from Table 2 that, as film thickness of the sangiles on increasing; the activation energy goeseeredsing. The
decrease in activation energy with increasing fihitkness may be due to the change in structunanpeters,
improvement in crystalline and grain size [25].

6. GAS SENSING PERFORMANCE OF THE SENSORS

6.1. Measurement of response

Gas response (S) of the sensor is defined as tilveofachange in conductance to the conductandeetensor on
exposure of target (at same operating conditions).

S =G,-GJ/Gq4 (5)

wherés, = the conductance of the sensor in air
G, = the conductance on exposure of a target gas.

6.2. Gas response

Figure 9 shows the variation in response with therating temperature to 100 ppm of Nfor S1, S2, S3, and S4
samples. For all the samples the response incredfiesncrease in operating temperature and reaakimum
(S=1165 for sample S3) at 150°C and falls withHertincrease in operating temperature.

Response of sensors depends on two factors, naimelgpeed of chemical reaction on the surfackeoftains, and the
speed of the diffusion of gas molecules to thdaser These are activation processes, and thatimtivenergy of chemical
reactions is higher. At low temperatures the seresponse is restricted by the speed of chemiaetioas [26, 27]. At
higher temperature the sensor response is redthgtthe speed of the diffusion of gas moleculébabsurface. At some
intermediate temperature the speed values of te@epses become equal, and at that point the sesponse reaches its
maximum. According to this mechanism for every th@se is a specific temperature at which the saesmonse attains
its peak value
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Fig. 9. Gas response of nanocrystalline SnGhin films with operating temperature.

Thus, in the present case the optimum operatingpeesture for nanocrystalline Spdilms was 150°C. The
temperature, which corresponds to a certain pehleyi# a function of the kind of target gases #rel chemical
composition of the oxide, including additives andtatysts, and pure oxides are generally stableoaer
temperatures.

6.3. Selectivity

1200 Selectivity of gas
1000 Con, of gas=100 ppm

0p.Temp.=150°C
800

600
400
200

Gas response

[ = ol - e -

LPG | CO2 | H2 | NH3|C2H5| Cl2 [NO2 | NO |S02 | H2S
OH

WSeries1| 0.66 {0.23 | 0.16 | 005|007 (013|129 | 1.2 | 09 | 1
WSeries2| 0.44 {079 02 | 17 | 12 [016| 342 | 13 | 13| 25
Mberies3| 0.95 | 0.8 [0.36 | 0.18 | 0.26 [0.27 |1165|42.3 | 1.36 | 45
Wberiesd| 0.15 | 05 [0.16 | 0.07 | 03 [0.22| 560 | 7.5 | 0.56 | 6.7

Fig. 10. Selectivity of nanocrystalline Sngthin films for different gases.

Selectivity or specificity is defined as the alyildf the sensor to respond to certain gas in thserce of the other
gases. Selectivity of nanocrystalline Srtin film sensors is measured at an operating teatpe of 150°C.
Figure 10 depicts the bar diagram to indicate, Si€ective ability of the sensor. It is clear frone tfigure that the
responses of all samples to LPG, £&,, NHz, C;HsOH, CH;OH, Chb, NO and SQ@ gases are lower as compared to
their response to NO

6.4. Response and recovery of the sensor with contration of gas (ppm)

The time taken for the sensor to attain 90% ofntfaximum decrease in resistance on exposure t@tbettgas is
the response time. The time taken for the sensgetdack 90% of original resistance is the recptiene. The
response and recovery of the most sensitive tihim $3 sensor on exposure of 100 ppm of,Nd 150C are
represented in Figure 11.
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Fig. 11. Response and recovery of the sensor (msshsitive sample= S3).

It is observed that the response increases lin@arljre N@ concentration increases from 25 to 200 ppm and the
remains nearly constant with further increase e@nNlQ, concentration. The linear relationship betweenrésponse
and the N@ concentration at low concentrations may be attetbuo the availability of sufficient number of sarg
sites on the film to act upon the BNOhe response is quick (4 s) and recovery is fagt)(9he high oxidizing
ability of adsorbed oxygen species on the surfas®particles and high volatility of desorbed byehrots explain
the quick response to N@nd fast recovery.

DISCUSSION
7.1. Gas sensing mechanism

The gas response of any metal oxide semiconduatar garticular gas increases with the decreasbkeirsize of
nanocrystallites [26, 27] due to an increase ifies@rto volume ratio and therefore the reactivity.

Change the resistance of
sensitive film greatly

{a) Nanograins consisting (b) Nanograins consisting
of thin films in absensce of thin films in presence
of zas of gas

O High resistance state @ Low resistance state

Fig. 12. Sensing mechanism of thin film consistingf nanograins:

(a) in absensce of N{gas and (b) in presence of N@as.

Grain sizes and microstructures of the sensor tafifecgas sensing performance of the sensor. Itfewasd that, if

the grain size of the sensor material is suffidiesinall, the area of active surface sites is lgrgad the sensitivity
and selectivity for a particular gas enhances lgrgeanostructured material would be expected towsimuch
better gas sensing performance as compared witbetheor fabricated from bulk materials [26 - 29jeTesistance

of the nanostructured Sahin films decreases as gas flows into the teatrtier and adsorbed on the surface of the
nanostructuredsn®,. However, as shown in Figure 12(a), when nanoalys¢ SnQ thin film consisting of
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nanograins in absence of Bj@he depletion layer would extend throughout theére layer of nanostructured SpO
on the film, and its resistance would become stgki large.

In a NG, gas environment (see Figure 12(b)), the depletgdriwould shrink quickly as it obtains conduction
electrons due to reaction between Na&isorbed oxygen, and the resistance of the nawtsted Sn@ would
experience a large change.

CONCLUSION

Nanostructured SnChin films could be prepared by simple and inexgdem spray pyrolysis technique. Surface
morphology having nanostructured grains are foongetimportant for obtaining enhanced responseacheristics.
Thickness of the films was observed to increasenf@05 to 329 nm with increase in spray time of soiu
Crystallite and grains size was increases witheiase in film thickness. SpQ@hin film thin film based sensor
structure have been designed for the trace le@8 (pm) detection of NOgas at low operating temperatures (<150
°C) and exhibit the response of S= 1165. The sehasrgood selectivity to NQOagainst different gases. The
nanostructured Sn@hin films exhibit rapid response—recovery whistone of the main features of this sensor.
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