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Abstract

Tin oxide (SnOx) semiconductor thin film is coated on Pyrex glass (silica) substrates using the sol–gel dip-coating technique utilizing
alkoxide precursor. The thin film is extensively characterized for its surface morphology, chemistry, thickness, and nanocrystallite size
using different analytical techniques such as scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and high-resolution transmission electron microscopy (HRTEM). The HRTEM sample preparation is done for the
first time using focused ion-beam (FIB) milling technique. Under the given processing conditions, SnOx semiconductor thin film having
thickness 100–150 nm and nanocrystallite size 6–8 nm is obtained. In view of the reported literature and the present experimental data, it
is demonstrated that the film is suitable for sensing H2 gas at room temperature. Sensitivity value as high as 394% is observed at room
temperature for 4 vol.% H2, which is an explosive limit at room temperature for the space-based applications as set by NASA.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Alkoxide; Hydrogen; Nanocrystalline; Sensor; Sol–gel; Tin oxide

1. Introduction

When a polycrystalline Tin oxide (SnO2) semiconductor
thin film is exposed to air, physisorbed oxygen molecules
pick up electrons from the conduction band of SnO2 and
change to O−2(ads) or O−

(ads) species[1]. Consequently, a posi-
tive space-charge layer forms just below the surface of SnO2
particles, which creates a potential barrier between the par-
ticles increasing the electrical resistance of the SnO2 film.
However, when a reducing gas comes in contact with the
film, it gets oxidized via reaction with the O−2(ads) or O−

(ads)
species and subsequently electrons are reintroduced into the
electron depletion layer, leading to decrease in the poten-
tial barrier. The sensitivity of the SnO2 thin film is usually
determined by the ratio(Ra − Rg)/Rg (or Ra/Rg), whereRa
andRg are the resistances of the sensor in air and reducing
gas, respectively.

SnO2-based gas sensor has been synthesized in various
forms such as thin[2–10] or thick films[11–14]and pellets
[15–17]. Thin films are synthesized using sols, which are
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prepared using either alkoxide[2] or chloride[3] precursors
utilizing either dip [2] or spin [3] coating methods. Syn-
thesis of SnO2 thin films using hydrothermally treated sol
[3,4] and other conventional techniques such as ion-assisted
deposition[5,6], sputtering[7–10], evaporation[18], chem-
ical vapor deposition[19], spray pyrolysis[20] has been
reported. On the other hand, thick films are processed us-
ing a paste[11–14]prepared by mixing SnO2 powder and a
binder in a suitable solvent such as water or acetone, which
is then applied using screen printing technology[11] on a
suitable substrate. Mixing SnO2 powder with polyvinyl al-
cohol (PVA) polymer and then pressing the mixed powders
into a pellet, which is subsequently sintered at higher tem-
perature, forms pellets[15–17].

However, a lack of consistency in the sensor properties,
has been a major problem associated with all these tech-
niques. The processing of SnO2 semiconductor gas sensor
based on pellets or thick film technology are practically ex-
cluded from integration in the fabrication of intelligent mi-
crosystems, not only due to processing incompatibility but
also due to the high power consumption for the gas sensing
applications. Thin film technology based on physical meth-
ods like vacuum evaporation or sputtering for SnO2 depo-
sition, combined with ion-implantation for doping the films
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with metal ions, are very expensive and may suffer compo-
sition inhomogeneity and poor capability to provide good
step coverage for topographies with very high aspect ratios.
On the other hand, it is well known that the sol–gel tech-
nique (used for thin films) has several advantages such as
easy control of film thickness, low-cost processing, and abil-
ity to produce ultrafine particles, and to coat large complex
shapes[21].

The gas sensing properties of SnO2 semiconductor thin
film has been found to depend strongly on the method of
processing. Among the structural parameters, the nanocrys-
tallite size[1] and the film thickness[2] have pronounced
effect on the gas sensitivity. It is now recognized that
SnO2 semiconductor thin film can have maximum gas
sensitivity only if the nanocrystallite size within the film
is comparable with its space-charge layer thickness[1].
Hence, the major objectives of the present investigation
are set to synthesize SnOx semiconductor thin film, having
nano-scale thickness and nano-sized crystallites (critical
parameters for achieving maximum sensitivity) using the
sol–gel dip-coating technique utilizing alkoxide precursor.
Various analytical techniques such as scanning electron mi-
croscopy (SEM), X-ray photoelectron spectroscopy (XPS),
atomic force microscopy (AFM), focused ion-beam (FIB),
microscopy and high-resolution transmission electron mi-
croscopy (HRTEM) are utilized in the present investigation
for determining the surface morphology, the chemical com-
position, the film thickness as well as the nano-crystallite
size within the film. The HRTEM analysis of SnO2 semi-
conductor thin film using FIB-cut TEM sample is not yet
reported in the literature. Besides, the present study also
focuses on demonstrating the suitability of such film for
sensing H2 gas at room temperature.

2. Experimental

2.1. Materials

Tin-isopropoxide (10%, w/v) iniso-propanol (72 vol.%)
and toluene (18 vol.%) was purchased from Aldrich chem-
icals (USA) and used as-received. Pyrex glass slides, hav-
ing roughness±10 nm, were received from Fisher Scientific
(USA). Small glass substrates (1 cm× 1 cm), were cut from
the glass slides for the dip-coating experiments.

2.2. Sol–gel synthesis of nanocrystalline SnOx

semiconductor thin film

SnOx (the chemistry is confirmed via XPS, as discussed
later) semiconductor thin film coating on the Pyrex glass (sil-
ica) slides (substrate) was conducted via sol–gel dip-coating
technique. The glass substrates were ultrasonically cleaned,
first in acetone and then iniso-propanol. The pre-cleaned
substrates were dipped in the solution of tin-isopropoxide in
iso-propanol and toluene, corresponding to the concentra-

tion of 0.23 M of tin-isopropoxide, using a dip-coater with a
withdrawal speed of 150 cm/min. The gel films were dried at
200◦C for 1 h in air. The substrates were dip-coated again us-
ing the same solution under similar conditions and then dried
again at 200◦C for 1 h in air. (Note: the dip-coating thick-
ness is estimated to be 50–75 nm after each coating-step.)
The dried gel films were fired at 600◦C in air. The samples
were heated at a rate of 30◦C/min up to the firing temper-
ature, held at that temperature for 1 h, and then cooled to
room temperature inside the furnace. Finally, a thin layer
of Pt was sputtered for 5–7 s on some of the semiconductor
thin films using a sputter coater (K350, Emitech, Ashford,
Kent, England).

2.3. Characterization

All the characterization techniques described below were
employed after firing the sol–gel dip-coated SnOx semicon-
ductor thin films at 600◦C for 1 h.

The surface chemistry of SnOx thin film dip-coated on
the Pyrex glass substrate was studied using XPS tech-
nique utilizing PHI ESCA spectrometer (model 5400,
Perkin-Elmer, Minnesota), having energy resolution of
±0.1 eV, at a base pressure of 5× 10−9 Torr using Mg K�
radiation (1253.6 eV). The X-ray power during the anal-
ysis was 350 W. Both the survey and the high-resolution
narrow-scan spectra were recorded at pass energies of 44.75
and 35.75 eV, respectively, to achieve the maximum spec-
tral resolution. The binding energy (B.E.) of the Au 4f7/2
at 84.0 ± 0.1 eV was used to calibrate the B.E. scale of the
spectrometer. Any charging shifts produced by the samples
were carefully removed using a B.E. scale referred to C 1s
B.E. of the hydrocarbon part of the adventitious carbon line
at 284.6 eV[22]. Non-linear least-squares curve fitting was
performed using a Gaussian/Lorentzian peak shape after
the background removal[23].

SEM (JSM-6400F, JEOL, Tokyo, Japan) analysis was
used to analyze the surface morphology of the dip-coated
thin film. To avoid any surface charging during SEM analy-
sis, the SnOx thin film was coated with approximately 15 nm
thick film of Au–Pd using a sputter coater.

The surface morphology of the SnOx thin film was also
studied using AFM (Digital Instrument, USA), utilizing the
Si3N4 tip of 20 nm radius, in the tapping mode. The average
nano-crystallite size within the SnOx thin film was estimated
using AFM.

FIB (FIB 200 TEM, FEI, Hillsboro, OR) milling tech-
nique was performed on the SnOx thin film for TEM sam-
ple preparation. The procedure for TEM sample preparation
via FIB-milling technique has been described in detail else-
where[24] and was adopted in the present investigation. It
is necessary to mention that the FIB-milling procedure in-
volved first sputtering of 80–100 nm thick Au–Pd layer fol-
lowed by the deposition of 1�m thick Pt layer over the SnOx
thin film in order to protect the film from getting destroyed
during FIB-milling operation. HRTEM (FEI-Philips Tecnai
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F30) was used to study the structure and the nanocrystallite
size distribution as well as to observe lattice images showing
different orientations of nanocrystals within the SnOx thin
film. Bright field TEM images at 300 kV were taken to ob-
serve the lattices. Selected-area electron diffraction (SAED)
pattern was collected from the center of the SnOx thin film
to analyze the crystal structure, which also provided the ev-
idence of the presence of nanocrystals having different ori-
entations within the SnOx thin film.

2.4. Sensor tests

The test set-up (KSC, NASA) used in this investigation
was divided into five sections as shown schematically in
Fig. 1: (i) electrical contact system for the nanocrystalline
SnOx sensor, which is located inside the chamber and
uses edge connectors to make electrical contact with the
test-board, (ii) vacuum test chamber, (iii) test gas delivery
system for the chamber, which uses control valves and mass
flow controllers to deliver a specific quantity of gas into the
test-chamber interior, (iv) a residual gas analyzer (RGA)
system, which measures the chamber gas composition, and
(v) an electrical measurement system, which switches be-
tween test specimens and takes the specimens resistance
data.

The nano-sensor test system, as schematically shown
in Fig. 2(a), is made up of a specimen test-board over

Vacuum Chamber

Nanosensor test fixture

MKS pressure

sensor MKS

Pressure 

controller

Redundant vacuum 

pump system

RGA

Roughing pump

Turbo pump

Risidual Gas Analyzer system

HP3488A multiplexer 

HP3457A Resistance meter

Motorized valves

Vacuum 

pumps

Omega T 

Therocouple

Model 650

HP 3457A Resistance 

Meter

Gas input 

controll valve

Mass flow 

controller

Test Gas

cylinder

H2

N2

Air

Fig. 1. Schematic diagram describing the set-up used for H2 sensor test.

which five test samples could be mounted at a time, using
a vacuum grade epoxy. A photograph of a test-board is
shown inFig. 2(b). After mounting the sensors (SnOx and
Pt-sputtered SnOx thin films dip-coated on the glass sub-
strate) on the test-board, conductive Ag-paint was applied
for electrical contact purpose. The test-board was installed
into the test-chamber and placed in contact with a d.c.
voltage heater.

The following procedure was then adopted for the sensor
tests. The chamber was first evacuated to 5 Torr pressure and
the RGA system was placed into operation to monitor the gas
content within the test-chamber. A dry N2 was purged into
the test-chamber allowing the chamber H2 content to decay.
Any residual H2 from the water vapor was slowly pumped
away bringing the H2 content down to a minimum level.
The resistance values were then recorded for each sensor
while still maintaining the dry N2 purge. After stopping
the N2 purge, air at 49.5 standard cubic centimeters per
minute (sccm) was introduced into the test-chamber and
steady state resistance value was recorded for each sensor. A
combination of air and 1 vol.% H2 was then established and
a steady state resistance value was recorded again. This step
was repeated for 2, 3, and 4 vol.% H2 flow rates. The start
and stop times of each differing gas flow was recorded so
that it could be compared with the RGA output in ppm H2
with respect to air (or dry N2). A purge of just breathing air
(no H2) was then performed and the resistance values were
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Fig. 2. (a) Schematic diagram describing the design of the test-board and (b) photograph of the test-board with five samples mounted on it.

recorded. This was followed by a purge of N2 with the final
resistance readings were noted. The selection of the range
of 1–4 vol.% H2, in the above test procedure, is based on the
NASA’s explosive limit of 4 vol.% set for H2 gas, at room
temperature, for the space-based applications.

3. Results

Typical SEM micrographs of Pyrex glass substrate and
that of nanocrystalline SnOx thin film coated on the Pyrex
glass substrate are shown inFigs. 3(a) and (b), respectively.
The big particle, which is visible in the micrograph,Fig. 3(a),
is an artifact and is used for proper focusing of the glass sur-
face. The surface of the glass substrate appears to be very
smooth and featureless. Comparison of the glass surface be-
fore and after the sol–gel dip-coating process (including the
firing treatment), reveals the change in the surface morphol-
ogy of the glass substrate, which indicates the successful
coating of the glass substrate with the semiconductor SnOx

thin film. In Fig. 3(b), the SnOx thin film appears to be rel-
atively smooth, although at some locations, few cracks are
visible on the film surface. Approximately 85–90% of the
film surface area was observed to be free of cracks.

Typical broad-scan XPS spectrum, within the B.E. range
of 0–1100 eV, obtained for the SnOx semiconductor thin

film dip-coated on the Pyrex glass substrate is shown in
Fig. 4(a), which primarily shows the presence of Sn and O
on the glass surface after the dip-coating process. Typical
narrow-scan analysis of Sn 3d spectra, within the B.E. range
of 480–500 eV, is presented inFig. 4(b). Sn 3d5/2 B.E. level
of 485.8 eV is observed inFig. 4(b).

Typical AFM image of bare Pyrex glass substrate and
those of SnOx thin film coated on the Pyrex glass substrate, at
low and high magnifications, are presented inFigs. 5(a)–(c),
respectively. Interestingly, the surface of the glass appears to
be smooth even on the nanometer scale level,Fig. 5(a). Com-
parison ofFigs. 5(b) and (c)with (a) shows a change in the
surface morphology of the glass substrates after the sol–gel
dip-coating process, which is consistent with the SEM ob-
servation. FromFigs. 5(b) and (c), the SnOx thin film is ob-
served to be made up of nanoparticles having near-spherical
shape and uniform particle size distribution. The average
nanoparticle size is estimated to be 15± 5 nm, comparable
with the resolution limit of AFM, which is determined by
the tip radius. Very dense packing of nanoparticles is noted
in these micrographs.

Typical TEM images, obtained from the FIB-milled TEM
sample of SnOx thin film dip-coated on the Pyrex glass sub-
strate, are shown inFig. 6 at different magnifications. The
SnOx thin film thickness measurement is directly possible
via these micrographs. Various regions corresponding to Pt,



S. Shukla et al. / Sensors and Actuators B xxx (2003) xxx–xxx 5

Fig. 3. Typical SEM micrographs showing the surface morphology of
Pyrex glass substrate (a) and nanocrystalline SnOx semiconductor thin
film coated on Pyrex glass substrate (b).

Au–Pd (both originating from the FIB-milling procedure),
SnOx (originating from the sol–gel dip-coating process),
and the glass substrate are marked appropriately. The SnOx

thin film appears to be smooth and highly continuous. No
cracks are visible within the film, although slight variation
on the film thickness is noted in these images. The SnOx

thin film thickness is measured to be within the range of
∼100–150 nm.

Typical HRTEM images obtained from the different lo-
cations of the FIB-milled TEM sample are presented in
Figs. 7(a) and (b)at different magnifications. The SAED
pattern obtained from the center of the nanocrystalline SnOx

thin film is presented inFig. 7(c). From these images, it is
obvious that the SnOx thin film is highly dense and nanocrys-
talline in nature. The SnOx thin film–glass substrate interface
is visible inFig. 7(a). No porosity or cracks are visible at the
interface, which suggests very adherent nature of the sol–gel
dip-coated SnOx thin film. Porosity and cracks are also not
observed within the SnOx thin film even at nano-scale level
indicating very dense packing of the nanocrystallites within

the thin film, which is in agreement with the AFM analysis.
The SnOx nanocrystallite size of 6–8 nm is observed in the
HRTEM image,Fig. 7(b). The nanocrystallite size distribu-
tion is thus observed to be very narrow. The SAED pattern,
Fig. 7(c), shows continuous and diffused ring pattern, which
is an indication of the nanocrystalline nature of the SnOx

thin film.
Typical variation in the H2 gas sensitivity as a function

of the amount of H2 gas within the range of 1–4 vol.%,
observed for the nanocrystalline SnOx and the Pt-sputtered
SnOx semiconductor thin films, at room temperature and
200◦C, are presented inFigs. 8(a) and (b), respectively.
At room temperature,Fig. 8(a), the H2 gas sensitivity of
nanocrystalline SnOx semiconductor thin film, is observed
to increase with increasing amount of H2 gas. The maximum
sensitivity of 394% is observed for 4 vol.% H2. Nanocrys-
talline Pt-sputtered SnOx semiconductor thin film is ob-
served to be insensitive, at room temperature, to any amount
of H2 gas within the investigated range. However, at higher
temperature (200◦C), Fig. 8(b), the Pt-sputtered SnOx thin
film becomes sensitive to H2 gas; the sensitivity is observed
to increase with increasing the amount of H2. The maximum
sensitivity of 126% is observed for 4 vol.% H2. At 200◦C,
the nanocrystalline SnOx semiconductor thin film, exhibits
increased sensitivity to lower amount of H2 (1–2 vol.%).
Maximum H2 gas sensitivity of 94% is observed for 1 vol.%
H2. The sensitivity is, however, observed to reduce for higher
amount of H2 (3–4 vol.%).

4. Discussion

4.1. Synthesis of nanocrystalline SnOx semiconductor
thin film

Nanocrystalline semiconductor SnOx thin film having
the thickness and the nanocrystallite size within the range
of 100–150 nm and 6–8 nm, respectively, has been suc-
cessfully synthesized in this investigation using the sol–gel
dip-coating process utilizing the solution of tin isopropox-
ide in propanol and toluene. In this method, the formation
of SnOx thin film involves hydrolysis of tin-isopropoxide
via reaction with the atmospheric moisture on the Pyrex
glass substrate, which results in the formation of Sn(OH)4
gel. This gel undergoes condensation reaction upon drying
at 200◦C to form a film of amorphous SnOx particles. The
amorphous SnOx thin film crystallizes upon firing at 600◦C.
The sequence of chemical reactions during gelling, dry-
ing, and crystallization, for the film having stoichiometric
composition, can be summarized as

Sn(OC3H7)4 + 4H2O

→ Sn(OH)4 + 4C3H7OH (at 25◦C) (1)

Sn(OH)4 → SnO2(amorphous) + 2H2O (at 200◦C) (2)

SnO2(amorphous) → SnO2(crystalline) (at 600◦C) (3)
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Fig. 4. (a) Broad-scan XPS analysis of nanocrystalline SnOx semiconductor thin film coated on Pyrex glass substrate. (b) Narrow-scan XPS analysis of
Sn 3d within the B.E. range of 480–500 eV.

The SnOx thin film obtained after firing at 600◦C is a con-
ducting film as well as it is nanocrystalline in nature. The
nanocrystalline nature of the film is the most important as-
pect of the present synthesis method in order to utilize this
film for H2 gas sensing.

In the present investigation, Sn 3d5/2 B.E. value of
485.8 eV is observed, which is in between the Sn 3d5/2 B.E.
values of 484.9 and 486.7 eV reported for pure-Sn and SnO2
[25]. Hence, the observed Sn 3d5/2 B.E. value of 485.8 eV
is attributed to the presence of Sn-oxidation state less than
+4. The O:Sn relative atomic concentration ratio of∼1.6
is calculated from the survey spectrum and is in agreement
with Sn 3d5/2 B.E. value. The non-stoichiometric O:Sn ra-
tio suggests the presence of oxygen vacancies[26], which
is responsible for the n-type semiconductor property of the
film.

4.2. Gas sensitivity and nanocrystallinity

The present nanocrystalline SnOx semiconductor thin film
coated on the Pyrex glass substrate is synthesized to de-
tect H2 at room temperature. The feasibility of utilizing this

nanocrystalline SnOx semiconductor thin film having thick-
ness 100–150 nm and nanocrystallite size 6–8 nm for H2
gas sensing is determined here. The usefulness of nanocrys-
talline SnO2 semiconductor in various forms for H2 gas
sensing has been demonstrated earlier by many investiga-
tors [2–8,10–17,27–30]. In Fig. 9(a), we plot the sensitiv-
ity (Ra/Rg) of SnO2 semiconductor thin film as a function
of film thickness[3,4,7,10,28], independent of the values of
other variables. The graph shows that the sensitivity of SnO2
semiconductor thin film increases gradually as the film thick-
ness decreases within the range of 80–400 nm. The upper
and lower limits of the gas sensitivity values are observed
for the thickness range of 80–200 nm and are attributed to
the different processing and test conditions used for obtain-
ing these data points. Moreover, the maximum sensitivity is
observed at 80 nm thickness, below which the H2 gas sen-
sitivity decreases. Such a variation in the gas sensitivity as
a function of film thickness has been reported earlier for
sensing H2S gas by Park and Mackenzie[2] and was ex-
plained on the basis of single crystal thin film model. The
drop in the sensitivity below 80 nm film thickness was at-
tributed to the reduction in the amount of porosity of the



S. Shukla et al. / Sensors and Actuators B xxx (2003) xxx–xxx 7

Fig. 5. Typical AFM micrographs showing the surface morphology of Pyrex glass substrate (a) and nanocrystalline SnOx semiconductor thin film coated
on Pyrex glass substrate at low (b) and high (c) magnifications.

Fig. 6. Typical TEM images of FIB-milled TEM sample, obtained from nanocrystalline SnOx semiconductor thin film coated on Pyrex glass substrate,
at different magnifications.
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Fig. 7. (a) and (b) Typical HRTEM images of nanocrystalline SnOx semiconductor thin film coated on Pyrex glass substrate at different locations and
magnifications. (c) SAED pattern obtained from the center of the SnOx thin film coated on Pyrex glass substrate.

Amount of H2 (vol. %)Amount of H2 (vol. %)

0

100

200

300

400

500

(a)

Se
ns

it
iv

it
y 

(%
)

SnOx

SnOx/Pt

(a)
SnOx

SnOx/Pt

(a)
SnOx

SnOx/Pt

Se
ns

it
iv

it
y 

(%
)

0

50

100

150

0 1 2 3 4 5 0 1 2 3 4 5

(b)(b)(b)

Fig. 8. Variation in the H2 gas sensitivity ((Ra − Rg)/Rg × 100) as a function of amount of H2 gas observed at: (a) room temperature and (b) 200◦C.



S. Shukla et al. / Sensors and Actuators B xxx (2003) xxx–xxx 9

0

200

400

600

800

0 100 200 300 400

Film Thickness (nm)

Nanocrystalline SnOx
Hydrogen Sensor

(a)

Se
ns

it
iv

it
y 

(%
)

0

400

800

1200

1600

2000

2400

0 5 10 15 20 25 30 35

Crystallite Size (nm)

Se
ns

it
iv

it
y 

(%
)

20

n

Nanocrystalline SnOx
Hydrogen Sensor

(a)

2

n

Nanocrystalline SnOx
Hydrogen Sensor

(a)

n

Nanocrystalline SnOx
Hydrogen Sensor

(a)

n

Nanocrystalline SnOx
Hydrogen Sensor

5

Temperature (oC)

0

400

800

1200

1600

2000

2400

0 100 200 300 400 500 600 700 800

Se
ns

it
iv

it
y 

(%
)

(a)

(b)

(c)

Fig. 9. Graphs of H2 gas sensitivity as a function of (a) nanocrystalline SnO2 semiconductor thin film thickness[3,4,7,10,28], (b) SnO2 nanocrystallite
size [4,7,12,29]and (c) operating temperature[7,8,10,13,29,30].

SnO2 semiconductor thin film[2]. In the present investiga-
tion, the obtained film thickness of 100–150 nm is very close
to the range where maximum H2 gas sensitivity is observed,
Fig. 9(a).

In Fig. 9(b), we plot the H2 gas sensitivity of nanocrys-
talline SnO2 as a function of crystallite size[4,7,12,29],
independent of the values of other variables. The graph
shows that above nanocrystallite size of 10 nm, the H2 gas
sensitivity of nanocrystalline SnO2 semiconductor thin film
is low and almost independent of average nanocrystallite
size. However, the sensitivity increases gradually first as the

nanocrystallite size decreases below 10 nm and then sharply
below 6 nm. Very high surface area and the operation of
‘grain-size-control’ mechanism[1], which primarily deter-
mines the electrical resistance of the film, are responsible
for very high H2 gas sensitivity values below 6 nm crys-
tallite size. In the present investigation, the nanocrystallite
size range of 6–8 nm is observed, which is also close to the
nanocrystallite size range where very large H2 gas sensitivity
is observed. It appears that, both the film thickness and the
nanocrystallite size of the sol–gel dip-coated nanocrystalline
SnOx thin film, synthesized in the present investigation, are
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close to the optimum values to achieve maximum H2 gas
sensitivity.

The variation in H2 gas sensitivity of nanocrystalline
SnO2 film as a function of operating temperature is plotted
in Fig. 9(c) [7,8,10,13,29,30], independent of the values of
other variables. The graph shows that, within the tempera-
ture range of 100–700◦C, the H2 gas sensitivity increases
initially with increasing operating temperature. The max-
imum sensitivity is observed at 350◦C. The sensitivity,
however, decreases with further increase in the operating
temperature above 350◦C. The graph indicates that the
room temperature H2 gas sensitivity of nanocrystalline
SnO2 semiconductor thin film is extremely low, which is
primarily due to extremely low reaction kinetics between
the H2 gas and the oxygen adsorbates. The reaction kinet-
ics improves with increasing operating temperature, thus
increasing the sensitivity. At higher operating temperature,
instability in the microstructure (grain size) results in the
loss of H2 gas sensitivity.

4.3. Sensing H2 gas at room temperature

H2 gas, when comes in contact with the nanocrystalline
SnOx semiconductor thin film, gets dissociated (which gen-
erally requires higher temperature or a catalyst for activa-
tion) into hydrogen atoms, which get adsorbed on the film
surface. They diffuse towards O− adsorbates, releasing wa-
ter and an electron after the reaction, which increases the
conductivity of the film. The reactions can be summarized as

H2(g) → H(ads) + H(ads) (4)

H(ads) + H(ads) + O−
(ads) → H2O + e− (5)

Due to very low decomposition rate of H2 gas, very low
sensitivity values are reported in the literature,Fig. 9(c), for
sensing H2 gas at ppm level at room temperature. In this
investigation, the sensitivity tests were conducted for rela-
tively large amount of H2 gas within the range of 1–4 vol.%.
We observe that, in this range, the nanocrystalline SnOx

semiconductor thin film is sensitive to H2 at room temper-
ature. However, nanocrystalline SnOx semiconductor thin
film sputtered with a thin layer of Pt is observed to be in-
sensitive to H2 at room temperature. It is known that the
presence of a catalyst (Au, Pd, or Pt) aid in the catalytic de-
composition of H2, thus increasing the sensitivity of SnO2
semiconductor thin film[31]. It is to be noted that, in the
present investigation, the Pt is sputtered after calcining the
dip-coated SnOx thin film at higher temperature. As a re-
sult, sputtered-Pt possibly remained as a thin amorphous
layer on the SnOx thin film during testing at room temper-
ature. Sputtered-Pt in a form of crystalline particles having
extremely small size, rather than a continuous amorphous
layer, is expected to be more effective for catalytic applica-
tions [32]. The continuous amorphous Pt layer is not only
ineffective from the point of view of H2 decomposition but
also acting as a barrier for direct contact between the H2 gas

and the nanocrystalline SnOx semiconductor thin film. This
has resulted in the loss of sensitivity for the Pt-sputtered
nanocrystalline SnOx semiconductor thin film at room tem-
perature. The enhanced sensitivity for the same Pt-sputtered
nanocrystalline SnOx semiconductor thin film at 200◦C is
possibly due to the transformation of continuous amorphous
layer of Pt layer into agglomerated Pt nanoparticles[32],
which may allow the direct interaction between the H2 gas
and the sensor surface. The decrease in the sensitivity ob-
served for the nanocrystalline SnOx semiconductor thin film
at 200◦C is, however, abnormal, which is attributed to the in-
stability in the microstructure (grain size) of nanocrystalline
SnOx semiconductor thin film due to continuous exposure
to high temperature during testing.

It is thus shown that the nanocrystalline (6–8 nm) SnOx

semiconductor thin film (100–150 nm) can sense H2 gas
(1–4 vol.%) at room temperature. It is noted that there are
several other issues, such as selectivity, minimum response
and recovery time, reproducibility, stability, and room tem-
perature sensing at ppm level, associated with the H2 gas
sensing using SnOx semiconductor thin film sensor. Some of
these aspects of H2 gas sensing will be reported in the next
communication. The present investigation, however, clearly
shows the significance of the sol–gel dip-coating technique
in producing the nanocrystalline SnOx semiconductor thin
film having optimum thickness and nanocrystallite size re-
quired for sensing H2 gas at room temperature.

5. Conclusions

(1) SnOx (wherex is observed to be 1.6 by XPS) semicon-
ductor thin film having thickness 100–150 nm and aver-
age nanocrystallite size 6–8 nm have been successfully
synthesized using sol–gel dip-coating technique utiliz-
ing alkoxide precursor and characterized completely us-
ing SEM, AFM, XPS, FIB, and HRTEM.

(2) It is demonstrated in view of the available literature
and the present experimental data that this nanocrys-
talline SnOx semiconductor thin film is suitable for H2
(1–4 vol.%) gas sensing at room temperature useful for
space-based applications.
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