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Abstract

Hydrogen gas, within the concentration range of 100 ppm—4 vol.%, is successfully sensed at lower operating temperatures 25 and 50
using the Pt-sputtered sol-gel dip-coated nanocrystalline (6—7 nm) 6.5 mpB4-ttoped Sn@ semiconductor thin (100-150 nm) film
sensor. Typically, for 1000 ppm of hydrogen, the maximum sensitivity values of 32 and 1600% are observed at 2&arespectively;
while for 2 vol.% hydrogen, the maximum sensitivity values of 50 and 70,000% are recorded at 25°&hdestpectively. At 28C, for
4vol.% (explosive limit as set by NASA) hydrogen, the maximum hydrogen gas sensitivity values of 107,887 and 2083% are observed for
the Pt-sputtered thin films calcined at 500 and B00respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction However, if handled carelessly, hydrogen is as danger-
ous for transport, storage, and use as many other fuels.
In recent years, research interest in hydrogen as a nearAs a result, safety remains a top priority in all the as-
future fuel has increased because it is renewable, abundantpects of hydrogen energy, and as a result, sensing the
efficient, and unlike other alternatives, provides zero emis- hydrogen leakage from the storage and the transportation
sions. The product of hydrogen combustion is water, making equipment, which are mostly utilized at room tempera-
it the most environmentally friendly fuel. Hydrogen can be ture, has become very essential. Although different types
used either as a fuel for direct combustion or as a fuel for of sensors, based on different principles are currently in-
fuel cells, which in turn, generate direct current electricity vestigated[1-9], most of them pose problems in sensing
to power an electric motor. The amount of energy produced very low hydrogen concentrations with very high effi-
by hydrogen, per unit weight of fuel, is about three times the ciency at lower operating temperatures200°C). Much
energy contained in an equal weight of gasoline and nearly focused work is, therefore, needed in the development
seven times that of coal. The public transport fueled by hy- of novel sensor materials with very high sensitivity and
drogen is, hence, very likely in near future. selectivity towards hydrogen, specifically close to room
On the other hand, in the US space program, hydrogen istemperature.
used by NASA primarily to launch the space vehicles. NASA  On the other hand, in recent years, nanotechnology has
has used liquid hydrogen for the last three decades to pro-emerged as an attractive field for the development of novel
pel the space shuttle and other rockets into orbit. Hydrogen materials having unusual properties and has provided dif-
fuel cells power the shuttle’s electrical systems, producing ferent pathways to solve many unresolved issues in various
a clean byproduct (pure water), which the crew drinks. fields. As a result, nanocrystalline Sp®emiconductor gas
Hence, it is envisaged that hydrogen will form the ba- sensors, based on resistance-change mechanism have been
sic energy infrastructure that will power future societies. extensively investigated for hydrogen detectifid—32}
However, in general, there are several major issues associ-
* Corresponding author. Tek:1-407-823-5277; fax+-1-407-823-0208.  ated with them, which are not yet completely resolved, and
E-mail addressssseal@pegasus.cc.ucf.edu (S. Seal). hence, need further attention.
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First, the maximum gas sensitivity of nanocrystalline to the concentration of 0.23M of tin-isopropoxide, using
semiconductor Sn@sensor lies well-above room temper- a dip-coater with a withdrawal speed of 150 cm/min. For
ature (350—-400C). Secondly, the nanocrystalline SphO synthesizing doped SnChin films, calculated amount of
thin film gas sensors exhibit enhanced sensitivity below indium(lll)-isopropoxide was dissolved in this solution to
10nm crystallite sizd33]; however, they tend to show an obtain the thin films of Sn&-6.5mol% InOs3. After the
increased response time with decreasing nanocrystallitedip-coating process, the gel films were dried at 160for
size below this size rang@3,34] Third, the existing gas  1h in air. The substrates were dip-coated again using the
sensing mechanisif85], proposed for explaining the gas respective solutions under similar conditions and then dried
sensitivity enhancement below 10 nm crystallite size, can again at 150C for 1 h in air. Some of the dried gel films
not satisfactorily explain the increased response time belowwere sputtered with a thin (3-5nm) layer of Pt for 10s
this size range. Hence, the mechanism of gas sensing usingising a sputter coater (K350, Emitech Ltd., Ashford, Kent,
semiconductor oxide sensors is not yet completely under- England). Finally, Pt-sputtered and non-Pt-sputtered dried
stood. Fourth, the response and the recovery time have alsdilms were fired at 500 and 60C in air. The samples were
been observed to increase drastically at lower operatingheated at a rate of 3@€/min up to the firing temperature,
temperatures<€200°C). Fifth, not a single sensor material, held at that temperature for 1 h, and then cooled to room
based on any mechanism and synthesis approach have beeeemperature inside the furnace. Undoped Sniin films
developed, which would be highly selective to all reducing were utilized for the high-resolution transmission electron
gases. Sixth, since the semiconductor oxide sensors exhibitmicroscopy (HRTEM) characterization.
enhanced gas sensitivity when they are synthesized in the
nanocrystalline form, they pose a major problem when 2.3. TEM characterization
they are operated at higher temperatures. New ways must
be developed to restrict the growth of the nanocrystalline  Focused ion-beam microscopy (FIB) (FIB 200 TEM, FEI
grains at higher temperatures to expand their operatingCompany, Hillsboro, Oregon) milling technique was per-
temperature range. formed on the undoped SnQhin film for TEM sample

Hence, knowing the importance of hydrogen and the is- preparation. The choice between the doped- and undoped
sues associated with the semiconductor oxide gas sensorssnG thin films for the TEM sample preparation was as per
attempt is made in this investigation, to resolve at least one convenience. The procedure for the TEM sample prepara-
of the major issues discussed above. The primary goal of thetion via FIB milling technique is described in detail else-
present article is, hence, set to detect hydrogen, using thewhere [36] and was adopted in the present investigation.
sol-gel derived nanocrystalline-doped Sr&e@miconductor  In short, the FIB-milling procedure involved the sputter-
oxide thin film sensor, at lower operating temperatures (room ing of ~80-100 nm thick Au—Pd layer followed by the de-
temperature (25C) and 50°C). position of ~1 um thick Pt-layer over the SnOthin film

in order to protect the film from getting destroyed dur-
ing the FIB-milling operation. HRTEM (FEI-Philips Tecnai

2. Experimental F30) was then used to study the structure and the average
nanocrystallite size distribution as well as to observe lattice
2.1. Materials image showing different orientations of nanocrystals within
the Sn@ thin film. Bright field TEM images at 300 kV were
Tin(IV)-isopropoxide (Sn[OGH7]4) (10%, w/v) in iso- taken to observe the lattices. Selected area-electron diffrac-

propanol (72 vol.%) and toluene (18 vol.%) and indium(lll)- tion (SAED) pattern was collected from the center of the
isopropoxide (IN[OGH7]3) were purchased from Alfa Aesar  SnG thin film to analyze the crystal structure, which also
(USA) and used as received. Small glass substrates ¢ cm provided the evidence of the presence of nanocrystals hav-
1 cm) were cut from the Pyrex glass slides, which were re- ing different orientations within the SpQhin film.

ceived from the Fisher Scientific (USA), for the dip-coating

experiments. 2.4. Sensor test
2.2. Processing of nanocrystalline indium oxide The sensor test set-up has already been described else-
(In203)-doped tin oxide (Sng) thin films where [37]. The procedure used for the sensor test is as
follows. Four thin film sensors and one bare glass sub-
Pure Sn@ and indium oxide (InO3)-doped Sn@ thin strate (reference) were mounted on the software designed

films coated on the Pyrex glass (silica) substrates werefiber glass test-board, which incorporated the heater, elec-
processed via sol-gel dip-coating technique. The glasstrical, and thermocouple connections. During the testing,
substrates were ultrasonically cleaned, first in acetone andeach sensor was connected in parallel with X0 Msistance
then in isopropanol. For synthesizing pure $rtfiin films, using a switcher circuit. The four-probe technique, with a
the pre-cleaned substrates were dipped in the solution ofconstant-current (100 nA) source, was used to measure the
tin-isopropoxide in isopropanol and toluene, corresponding equivalent resistancé{g) in air as well as in the hydrogen-
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containing environment. The true resistance values for the
thin film sensors in airRy;;) and in the hydrogen-containing
environment Ryag Were back calculated using the respec-
tive measuredReq values. The hydrogen gas sensitivity was
then determined using the relationship of the form:

Rair — Rgas

sensitivity(%) = x 100, Q)

gas

The sensor test was first conducted at room temperature
(25°C). At the beginning of the test, pure nitrogen gas
was blown into the test chamber, housing the test board, at
760 Torr for 24 h to remove the water vapor and any residual
hydrogen. The pressure inside the test chamber was reduced
to 15-50 Torr and was maintained for the next 24 h to stabi-
lize the sensor resistance, which was followed by the mea-
surement oRy;jr values. A mixture of nitrogen and hydrogen
gas was then admitted into the chamber (chamber vokime
501). The amount of hydrogen within this mixture was grad-
ually increased in steps within the range of 100 ppm-4 vol.%
using mass flow controllers, where the upper amount has
been set as an explosive limit by NASA for the space
shuttle applicationRgas values were measured after every
50s till the sensor resistances dropped sufficiently in the
hydrogen-containing environment. At the end of the test, the
air at 760 Torr was blown into the chamber to recover the
initial resonance of the sensors. Similar test procedure was
repeated at 50C. Typical cyclic test, consisting of one cy-
cle, was conducted for 3—4 vol.% hydrogen at room temper-
ature (25°C). During this test, sufficient time was given for
the stabilization of the sensor resistances in the hydrogen-
containing environment before blowing the air at 760 Torr.

3. Results Fig. 1. TEM (a) and HRTEM (b) images of sol-gel dip-coated nanocrys-
' talline undoped Sn@thin film obtained from the FIB-cut TEM sample.

The TEM and HRTEM images of nanocrystalline un-
doped Sn@ thin film, sol-gel dip-coated on the glass sub- without Pt-sputtering, exhibit higher hydrogen sensitivity
strate, are presented Figs. 1(a) and (h)respectively. In than the those calcined at 500. For the calcination treat-
Fig. 1(a) the SnQ@ thin film is observed to be continu- ment at 600C, higher hydrogen gas sensitivity is observed
ous, dense, and without any cracks. The film thickness is for non-Pt-sputtered thin film relative to Pt-sputtered thin
observed to vary within the range ef100-150nm. The  film. This trend is, however, reversed for the calcination
Au-Pd and Pt layers observed kig. 1(a) originate from treatment at 500C.

the FIB-milling procedure. Further, fig. 1(b) even at very At 50°C (Fig. 2(b) the hydrogen gas sensitivity of
high magnification, the nanocrystalline-Sa@in film ap- non-Pt-sputtered Sn©6.5mol% IOz thin film sen-
pears to be highly dense and without any porosity. Under the sors, calcined at 500 and 690, is very low. However,
given processing conditions, the average Sn@nocrystal- Pt-sputtered thin film sensors exhibit very high hydrogen gas
lite size of~6-7 nm is observed frorhig. 1(b) sensitivity. The hydrogen gas sensitivity of Pt-sputtered thin

The variation in the hydrogen gas sensitivity of film sensor calcined at 50@, is higher than that calcined
SnGg—6.5mol% InpO3 thin film sensors as a function at 600°C. The hydrogen gas sensitivity of Pt-sputtered thin
of amount of hydrogen in higher concentration range film sensors lies within the range of 20,000-70,000% for
(0-4vol.%), at 25 and 5QC, is presented irFigs. 2(a) the amount of hydrogen within the concentration range of
and (b) respectively. At 25C (Fig. 2(a) the hydrogen 1-4vol.%. The hydrogen gas sensitivity of Pt-sputtered thin
gas sensitivity of Sng-6.5mol% InOs thin film sensors, film sensors is observed increase with increasing amount of
is observed to follow the parabolic relationship with in- hydrogen. The hydrogen gas sensitivity, however, reaches
creasing amount of hydrogen and lies within the range of the respective maximum value at 1 vol.% hydrogen and then
15-50%. The thin film sensors calcined at 800 with and remains almost constant with further increase in the amount
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results in a drastic enhancement in the hydrogen gas sen-
sitivity of Pt-sputtered Sng-6.5mol% IpO3 thin film
sensors.

Hydrogen (ppm)

Fig. 3. The variation in the hydrogen gas sensitivity of nanocrystalline

The variation in the hydrogen gas sensitivity of SrO 6.5mol% InpOs—doped Sn@ thin film sensor as a function of hydrogen
concentration in lower range<(L000 ppm) at 25C (a) and 50C (b). (c)

6.5mol% InpOs3 thin film sensors as a function of . ! " .
- . is the enlarged portion of (b) within the hydrogen concentration range of
amount of hydrogen, within the lower concentration range 149_400 ppm.

(100-1000 ppm), at 28C and 50C, is presented in
Figs. 3(a) and (hyespectively. IrFig. 3(a) the hydrogen gas
sensitivity is observed to increase with increasing amount hydrogen increases within the range of 400-1000 ppm. For
of hydrogen and lies within the range of 12—-32%. At both 1000 ppm of hydrogen, the maximum hydrogen gas sensi-
the operating temperatures, the overall trend in the variationtivity of 1600 and 300% is recorded for the Pt-sputtered
in the hydrogen gas sensitivity as a function of amount of thin film sensors calcined at 500 and 6@) respectively.
hydrogen, appears to be almost similar to that observed in As mentioned earlier, ifrig. 3(b) the hydrogen gas sen-
the higher concentration range (0—4 vol.%)d. 2. sitivity appears to be very low and independent of amount of
At 50°C (Fig. 3(b) the Pt-sputtered Sn©6.5mol% hydrogen within the concentration range of 100—400 ppm.
In,O3 thin film sensors exhibit higher hydrogen gas sen- Hence, inFig. 3(c) the enlarged view of the variation in
sitivity relative to non-Pt-sputtered thin film sensors, the the hydrogen gas sensitivity of Sg&5.5 mol% InO3 thin
trend which is similar to the one observedriy. 2(b) The film sensor as a function of amount of hydrogen, within
Pt-sputtered thin film sensors exhibit low hydrogen gas sen-the concentration range of 100-400 ppm, atGQis pre-
sitivity for the amount of hydrogen within the concentration sented. The hydrogen gas sensitivity is not independent of
range of 100-400 ppm. However, the hydrogen gas sensi-the amount of hydrogen, within the concentration range of
tivity is observed to increase rapidly as the concentration of 100—-400 ppm. On contrary, the hydrogen gas sensitivity is
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observed to increase with increasing amount of hydrogenthe Pt-sputtered thin film sensors is presente&im 4(b)
within this concentration range. Initially, for lower amount and (c) respectively. The Pt-sputtered thin film sensors
of hydrogen within this concentration range, Pt-sputtered (Fig. 4(b) and (c) exhibit large decrease in the resistance
thin film sensor calcined at 60C, exhibit higher hydrogen  as compared to the non-Pt-sputtered thin film sensors
gas sensitivity than the one calcined at 300 However, the (Fig. 4(a). Very high sensitivity values as high as 107,887
rate of increase in the hydrogen gas sensitivity, with increas- and 2083% are observed for the Pt-sputtered thin film sen-
ing amount of hydrogen, is observed to be larger for the sors calcined at 500 and 600, respectively. Moreover, the
latter. For 400 ppm hydrogen, the maximum hydrogen gas Pt-sputtered thin film sensor, calcined at SQ0(Fig. 4(c),
sensitivity of 60 and 45% is recorded for Pt-sputtered thin exhibit faster response relative to the thin film sensor cal-
film sensors calcined at 500 and 6@) respectively. Onthe  cined at 600C (Fig. 4(b). The response (90% decrease in
other hand, the hydrogen gas sensitivity of non-Pt-sputteredthe resistance) and the recovery time (85% recovery of the
thin film sensors, increases marginally with increase in the original resistance) are, however, relatively higher at room
amount of hydrogen, within the range of 100-200 ppm, and temperatureKig. 4(b) and (c).
then remains constant at 10% with further increase in the
amount of hydrogen.

The variation in the resistance of the Sr®.5 mol% 4. Discussion
In,O3 thin film sensors as a function of time, for 3—4 vol.%
(explosive limit as set by NASA) hydrogen at 25, is In the present investigation, hydrogen gas is success-
shown inFig. 4. The cyclic response of non-Pt-sputtered fully sensed at lower operating temperatures (room temper-
thin film sensors is presented Fig. 4(a) while that of ature (25°C) and 50°C) using the nanocrystalline (6—7 nm),

6.5mol% Inp03-doped Sn@ thin (100-150 nm) film sen-

sor. Two different sensing behaviors have been observed
® 16 (a) at room temperature (2€) and 50C. Typically, at room
g ” 3vol. % temperature (25C), although marginal, the gas sensitivity
Q_ of the sensors calcined at 600 (both Pt-sputtered and
gg, 8 x I'g non-Pt-sputtered thin films) is observed to be higher than
® H.In ; the ones calcined at 50C (except at very large hydro-
3 4 : % 500 gen concentration of 4 vol.%). On the other hand, atG0
e AirIn  [=——— %0 the gas sensitivity of the Pt-sputtered sensors is higher than
the non-Pt-sputtered thin film sensors. Moreover, for the
Pt-sputtered sensors, lower calcination temperature“Gp0
is observed to be effective in enhancing the hydrogen gas
® 16 & 3vol. % (b) sensitivity. Hence, overall analysis shows that, at room tem-
o 1 = 4 . ' '
T 12{H,In 4vol. % pgrature (250C), h_|ghe_r calcination tempe_rature (6@),
& Sl without Pt-sputtering, is more conducive in enhancing the
52 8 hydrogen sensitivity (except at very high hydrogen concen-
% 4 ] tration of 4 vol.%); while at 50C, lower calcination temper-
g ] ature (500C), with Pt-sputtering, are the important factors.
04 < AirIn There exist several parameters, such as the nanocrystallite
size, the film thickness, the amount of film porosity, the cal-
16 cination and operating temperatures, which simultaneously
© ] & 3vol. % affect the gas sensitivity of SnOsensor[38]. Hence, we
= L /'\ © first discuss the role of each individual parameters in en-
; | B;In & 4vol- % hancing the hydrogen sensitivity based on the literature data
2 8 and then explain the observed gas sensing behavior of the
%" ] present Ia0Os-doped Sn@ sensor.
® 4
c . 4.1. Characteristics of sol-gel derived nanocrystalline
0. <« AirIn SnG thin film gas sensor (review of literature data)

0 5 10 15 20 4.1.1. Role of nanocrystallite size
Time x10+(sec) Using the literature datd22,29,39-43] it has been
. . . demonstrated38] that, below a critical size of 10 nm, the
Fig. 4. The response behavior of nanocrystalline 6.5 mol3®4rdoped itivity of th | | derived talli 0
SnQ thin film sensor for 3-4vol.% (explosive limit) hydrogen at 25 gas Ser,]SI ity ot the SF’ —-ge - erve nano_crys alline sn
(a) corresponds to non-Pt-sputtered thin film sensors and (b—c) correspondSENSOr increases drastically with decrease in the nanocrystal-
to Pt-sputtered thin film sensors calcined at 600 and°8)Gespectively. lite size. However, above this critical size, the gas sensitivity
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is almost independent of the nanocrystallite size. According

to the existing mode[35], the mechanism, which con- @)
trols the resistance of the nanocrystalline $rt@in film, (b)
changes as the nanocrystallite siB3 ¢hanges relative to its (_;?

space-charge layer thickned.(WhenD > 2L, D > 2L, }

andD < 2L, the resistance of the thin film is primarily gov- (c)
erned by the ‘grain-boundary-control’, the ‘neck-control’ )

and the ‘grain-control’ mechanisms, respectively. The gas (e)

sensitivity of the nanocrystalline Sa¢hin film is enhanced
only when the film resistance is controlled by the latter X/l

tW(.) mechanisms, eSp.eCIa.l”y by the_ ‘grain-control’ mech- Fig. 5. Generalized gas concentration profiles within Srifin film,
anism. For the Sn@thin film and sintered powders, the having straight channel structure, with increasing function(kDx )2
space-charge layer thickness has been calculated to be 3 nrp-e).

at 250°C [44,45] As a result, the transducer function of

the nanocrystalline Sngxhin film is activated below 10nm  .ncentration of the gas moleculeGa) at a distance of

crystallite size, thus enhancing its gas sensitivity. ‘x from the surface, within a porous Sa@hin film having
Although not explained by the earlier mod@5], the thickness F', is given by:

small SnGQ nanocrystallite size<€10 nm), also activates the

receptor function of the semiconductor oxide, which in turn sinhfx(k/ Dk)Y?] + sinh[(2] — x)(k/ Dk)*/?]
aids in enhancing the gas sensitiigg]. Very low activation ~ €A = CAs sinh[2(k/Dk)Y/?] ’
energy (9 kJ/mol) for the grain growth has been calculated )

for SnQy nanocrystallites within the size range of 3-20 nm

[46]. Above this size range (20—-300 nm), the activation en-  where, Cp s is the surface-concentration of the gas
ergy for the grain growth is calculated to be 91 kJ/mol. Very moleculesk the rate constant of the surface reaction, and
low activation energy for the grain growth, calculated for the Dk the Knudsen diffusion coefficienEig. 5is a general-
size range of 3—20nm, has been attributed to the possibleized profile obtained fronkq. (2) which shows the relation
generation of an excess oxygen-ion vacancy concentrationbetweenCa/Ca_ s andx/l with I(k/Dx)Y/? as a parameter. It
within the SnQ lattice. The excess lattice oxygen-ion va- is clearly observed that, for a fixed value &flx)Y/?, flat
cancy concentration, below a critical nanocrystallite size, has profile is exhibited by thin films (lowl(k/Dk)¥/?). On the
also been predicted for other ceramic oxi{#8,48] In the other hand, for thick films (highkk/Dk)Y/?), the concentra-
case of nanocrystalline Sa(this excess lattice oxygen-ion tion of the gas molecules within the film is restricted to the
vacancy concentration can lead to an increased adsorptiomear-surface region. As the gas molecules are likely to dif-
of oxygen ions (@~ and O ions) on the surface, which  fuse throughout the film thickness, thin films exhibit larger
in turn can enhance the receptor function of the semicon- gas sensitivity relative to thick films. As a result, the gas
ductor thin film gas sensor. Using Monte-Carlo computer sensitivity tends to increase with decreasing film thickness.
simulation techniqug49], it has been shown that, the ex- However, the above model fails to explain the reverse
cess lattice oxygen-ion vacancy concentration is responsibletrend observed below the film thickness0f£10 nm. It is to

for the surface-adsorbed oxygen ions{Cand O ions) in be noted that, the amount of porosity within the nanocrys-
the large amount. Hence, it appears that, the enhanced gaglline SnQ thin films is shown to decrease drastically be-
sensitivity of the nanocrystalline Sa@hin film sensor, be-  low the film thickness of 70-200 nfi1,52] Very compact
low a critical size of 10 nm, is due to its enhanced receptor films exhibit lower surface areas and reduced knudsen dif-
as well as transducer functions below this critical size. In fusion coefficient. As a result, they offer reduced number
the present investigation, under the given processing condi-of active sites for the oxidation reactions with the reducing
tions, SnQ@-nanocrystallites of size 67 nm are obtained via gases, and hence, would reduce the gas sensitivity with de-
sol—-gel dip-coating process, which are conducive for sens-creasing film thickness below this critical thickness range.

ing the hydrogen gas at lower operating temperatures. In the present investigation, the nanocrystalline Sifii(bn
thickness of 100-150 nm, obtained via sol—-gel dip-coating

4.1.2. Role of film thickness process, is comparable with the optimum film thickness cor-
It appears from the reported d4£9,39,40,50,51fhat the responding to the maximum gas sensitivity reported in the

gas sensitivity of nanocrystalline Sp@hin film increases literature and is conducive for sensing the hydrogen at lower

with decreasing film thickneg88]. However, below a criti- operating temperatures.

cal film thickness of~110 nm, the gas sensitivity decreases

with further decrease in the film thickness. 4.1.3. Role of film porosity

The increase in the gas sensitivity with decrease in the The gas sensitivity is observed to increase with increas-
film thickness can be explained on the basis of the modeling amount of film porosityf12,38,52] It is demonstrated
proposed by Sakai et dtL1]. According to this model, the  that [38] the gas sensitivity of the nanocrystalline SnO
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semiconductor thin film sensor increases from 100 to 900% reducing gases and the surface-adsorbed oxygen igns (O
with increase in the amount of film porosity from 32 to and O ions) favors higher gas sensitivity with increasing
65%. The gas sensitivity is also predictdd] to increase  operating temperature. On the other hand, in the higher
with increase in the pore diameter as a result of an enhancecperating temperature range, 350-30) desorption of
knudsen diffusion coefficienD ), which for straight round  the surface-adsorbed oxygen ions dominates. As a result,

pores within the thin film, is given bj11]: the number of active surface sitesy(Oand O ions), for
1/2 the chemical reaction with the reducing gases, are reduced
Dk =9700x r (—) , (3) within the higher operating temperature range. This reduces
the film resistance and the gas sensitivity with increasing
where,r is the pore radiusT the absolute temperaturk)( operating temperature within this range,29] In addition

andM the molecular weight of the gas. For a given film thick- to this, an instability in the microstructure (grain growth)
ness, large pore radius increagyg, and hence, would fa-  may also have its own effect in reducing the gas sensitivity
vor the flat gas concentration profilgig. 5) thus enhancing  within the higher operating temperature range (350850

the gas sensitivity. In the present investigation, although the In the present investigation, hydrogen is sensed at very
sol-gel dip-coated thin films are observed to be non-porous, lower operating temperatures (room temperature°(5
Fig. 1, the hydrogen is successfully sensed at lower operatingand 50°C), where the literature data is still lacking. At
temperatures (room temperature (€5 and 50°C). Hence, such lower operating temperatures, the activation energy
it appears that, the hydrogen gas sensitivity of the presentfor the chemical reaction between the hydrogen gas and
sensor, at lower operating temperatures (room temperaturesurface-adsorbed oxygen ionsy(Oand O ions) would
(25°C) and 50°C), can be further enhanced by synthesizing be higher, the number of active surface siteg(@nd O

porous thin films. ions) would be lower, but stable nanocrystallite size could
be maintained for long period of time. As explained in the
4.1.4. Role of calcination temperature next section, the doped-h cations and the small nanocrys-

The combined literature dafa2,29,39-43,50-5%hows tallite size (67 nm) are effective in increasing the number
that, the maximum gas sensitivity is observed for the calci- of active surface sites (O and O ions), thus enabling
nation temperature of 45@, below and above which, the the present sensor to sense hydrogen at lower operating
gas sensitivity decreas¢38]. The calcination treatment is  temperatures.
generally applied to crystallize the as-deposited amorphous Thus, the overall analysis of the gas sensing characteristics
thin films, and to control the film density and the nanocrys- of the sol-gel derived nanocrystalline Snthin film sensor,
tallite size. The lower calcination temperature generally based on the literature data shows that, the maximum gas
results in incomplete crystallization of the amorphous thin sensitivity is reported for the following optimum values of
film while the higher calcination temperature results in the the processing and the thin film parameters: (i) nanocrystal-
grain growth. As a result, the gas sensitivity may be re- lite size—<10 nm; (ii) film thickness—110 nm; (i) amount
duced due to the calcination treatment at very low and very of film porosity—65%; (iv) calcination temperature—
high temperatures. Due to the optimum balance between450°C; (v) operating temperature—320-35D.
the amount of crystallization and the grain growth, the
maximum sensitivity value is generally reported at the in- 4.2. Sensing hydrogen at lower operating temperatures
termediate calcination temperature of 48D In the present  (room temperature (25-5@))
investigation, the Sng-6.5mol% InO3 thin film is cal-
cined at 500 and 60CC, which are above but close to the In the present investigation, under the given sol—gel
optimum calcination temperature related to the maximum dip-coating conditions, Snthin film with nanocrystallite
gas sensitivity. size (6—7nm) and film thickness (100-150 nm), which are

close to the optimum values, is synthesized. However, the
4.1.5. Role of operating temperature undoped Sn@ thin film could not sense hydrogen below

Using the literature datf2?2,29,39-43,50-52]it is fur- 1vol.% at room temperature (28) [37]. Hence, in the
ther demonstrated th488], the maximum gas sensitivity ~ present investigation, the Sa@hin film is doped with I8+
of the nanocrystalline Sn{thin film sensor is observed at  cations and the resulting film could successfully sense hy-
the operating temperature range of 320-350below and drogen at lower operating temperatures (room temperature
above which the gas sensitivity decreases. Within the lower (25°C) and 50°C) at ppm level. This type of trivalent dop-
operating temperature range of 100-320 the desorption  ing generates excess lattice oxygen-ion vacancy concentra-
of water and adsorption of the oxygen ionsy(Cand O~ tion to maintain the charge balance, which has two distinct
ions) dominateq12], which increases the film resistance effects. First, it leads to an increased surface adsorption
as well as the gas sensitivity due to increased number ofof oxygen ions (@~ and O ions), which enhances the
active surface sites (O and O ions) for the chemical receptor function of the sensor; and secondly, it increases
reaction with the reducing gases. Moreover, the reducedthe space-charge layer thickness, which enhances the trans-
activation energy for the chemical reaction between the ducer function of the sensor. It is also noted that the excess
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lattice oxygen-ion vacancy concentration may be generated H, H,0 H,

by very small Sn@ nanocrystallite size (6—7 nm). More- AVAVA"

over, the small nanocrystallite size (6—7nm) itself is con- l ) »TW

ducive for controlling film resistance via the ‘grain-control’ ? ? \"" 2 9 q.'.*..?!'.! ? 0 f/ ? ?
mechanism. Hence, the small nanocrystallite size is also Pt N : *l 7Pt N

responsible for enhancing the receptor and the transducer e e e
functions of the present sensor.

Hence, the successful sensing of hydrogen at lower op-
erating temperatures (room temperature°@pand 50C)
at ppm level is attributed to the doped®tncations, small
r_]anocryStalllte size, and small film thickness, which (_effec- Fig. 6. The mechanism of hydrogen gas sensing for the nanocrystalline
tively enhanced the receptor and the transducer functions ofpt.sputtered Sngthin film sensor.
the present thin film sensor.

Itis further noted that, at 50C, the Pt-sputtered nanocrys- while, enhanced hydrogen sensitivity is demonstrated by

talline thin film sensor calcined at lower temperature marginal increase (by 2%) in the operating temperature
(500°C) exhibits maximum hydrogen gas sensitivity than 4 oo

the one calcined at higher temperature (60R Typically,

for 1000 ppm and 2vol.% hydrogen, maximum sensitivity 4 3 Mechanism of hydrogen gas sensing

values of 1600 and 70,000% are respectively noted for the

Pt-sputtered sensor calcined at 5Q0 The thin film sensor The mechanism of hydrogen gas sensing, at lower oper-
calcined at 500C possibly exhibits smaller nanocrystallite ating temperatures, is schematically describefign 6. The

size than the one calcined at 6UD. As a result, the max-  pyqrogen gas gets decomposed on the surface of Pt-catalyst
imum hydrogen gas sensitivity is observed for the sensor yresent on the sensor surface) to nascent hydrogen atoms,
calcined at 500C. Moreover, at 50C, the Pt-sputtered thin -y ich |oose electrons to the conduction band of semicon-
film sensors are observed to exhibit enhanced hydrogen gagyctor oxide. The generated protons get associated with the
sensitivity than the non-Pt-sputtered sensors. This clearly g 1face-adsorbed oxygen ions and hop from one oxygen ion
suggests that the F_’t-nanoparticles play an impo_rtgnt role ofiy another. Two adjacent OH groups condense and elimi-
a catalyst for sensing hydrogen at®l Further, itis ob- 516 0. In the process, net one electron is injected into
served that, at S0C, the hydrogen gas sensitivity reaches e conduction band of doped Sp@ducing its resistance.

a saturation value at 1vol.% hydrogen. This is attributed The chemical reactions involved during the hydrogen sens-
to the possible consumption of all active surface sites (O ing are summarized below:

and G ions) by 1vol.% hydrogen as a result of which

Sn0,

the hydrogen sensitivity does not increase with increasing Ha(g) — Hiads + Hads. (4)
amount of hydrogen above 1vol.%. + —
. . . .. H H — 2H 2e, 5
The sensor behavior observed in the present investigation 2% + Fleady (ady " + ®)
at 50°C is consistent with the sensor behavior reported in 2Haggt + 20@dg ™ — 20Hads (6)
the literature at higher operating temperatures. In contrast to
this, at room temperature (2&), neither the effect of Pt nor 20H@ds — H20(ads + Ocads. (7
the effect of nanocrystallite size (lower calcination temper- Oads + € — Oads (8)

ature) nor the saturation of hydrogen sensitivity is observed.

Typically, for 1000 ppm and 2vol.% hydrogen maximum The net reaction is:

sensitivity values of 32% and 50% are respectively noted - -

for the non-Pt-sputtered sensor calcined at D0 No Ha@ +Otds™ > H2Oas + € ®
definite explanation can be put forward for the abnormal Itappears that, the large concentration of surface-adsorbed
sensor behavior at room temperature €% observed dur-  oxygen ions (O ions) would favor the forward reaction

ing the continuous test (where, the amount of hydrogen presented irEq. (9) thus enhancing the hydrogen sensi-

is increased in steps). However, the cyclic test conductedtivity. In the present investigation, large concentration of
at room temperature (2%) for 3—4 vol.% hydrogen, does surface-adsorbed oxygen ions (Qons) is achieved via
show the effect of Pt and the effect of nanocrystallite size doped-I#* cations and small nanocrystallite size. Secondly,
(calcination temperature) in enhancing the hydrogen sensi-it is also noted that, at lower operating temperatures (room
tivity and response kinetics. Typically, for 4vol.% hydro- temperature (25C) and 50°C), the eliminated KO (prod-

gen, maximum sensitivity value of 107,887% is noted for uct) would be in the form of water molecule, and hence, may
the Pt-sputtered sensor calcined at 500 Thus, the room  remain adsorbed on the sensor surface. The presence of sur-
temperature (25C) hydrogen sensing at ppm level, using face contamination ()0 molecules) possibly reduces the
the nanocrystalline kOz-doped Sn@ thin film sensor, hydrogen gas sensitivity and the reaction kinetics at lower
is successfully demonstrated in the present investigation;operating temperatures since their presence may hamper the
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forward reaction presented iq. (9) The abnormal sensor  References
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