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Abstract

Nanocrystalline titanium oxide thin films have been deposited by spin coating technique and then have been
analyzed to test their application in NH; gas-sensing technology. In particular, spectrophotometric and con-
ductivity measurements have been performed in order to determine the optical and electrical properties of
titanium oxide thin films. The structure and the morphology of such material have been investigated by X
ray diffraction, Scanning microscopy, high resolution electron microscopy and selected area electron diffrac-
tion. The X-ray diffraction measurements confirmed that the films grown by this technique have good crys-
talline tetragonal mixed anatase and rutile phase structure The HRTEM image of TiO, thin film showed
grains of about 50-60 nm in size with aggregation of 10-15 nm crystallites. Selected area electron diffraction
pattern shows that the TiO, films exhibited tetragonal structure. The surface morphology (SEM) of the TiO,
film showed that the nanoparticles are fine. The optical band gap of TiO, film is 3.26 eV. Gas sensing prop-
erties showed that TiO, films were sensitive as well as fast in responding to NH;. A high sensitivity for am-
monia indicates that the TiO, films are selective for this gas.
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1. Introduction mechanisms, and a lack of control on film parameters.

. . o For example the deposition parameters can affect the
It is well known that the electrical conductivities of composition, the microstructure and the morphology of
semiconducting metal oxides change with the composi- metal oxide films and, consequently, can have a strong

tion of the gas atmosphere surrounding them. For this
reason metal oxides gained attention for potential appli-
cation as sensing elements in gas detectors [1]. Between
the metal oxides that undergo dramatic changes in their
electrical conductivity owing to gas exposure the most
analyzed were SnO, [2-5], ZnO [6,7], WO; [8,9] and
V,05 [10]. As with several metal oxides, titanium oxide
is a polar material of technological importance since it is
used as a substrate in catalytical and electrochemical
processes [11]. These features make titanium oxide po-

tentially suitable as gas sensing material [6]. trophotometric and conductivity measurements, have
Sensitivity, selectivity and stability are the most im- been considered in order to determine both the micro-

portant characteristics of gas sensing materials. Indeed, structure and the optical and electrical properties as a

an ideal sensor should respond to very low target gas NH; gas sensor annealed at 700°C.

concentrations, does not respond to other interfering

gases, and has long term stability. Actually, optimum 2. Experimental Details

sensor performance is not often achieved due to an insuf-

ficient understanding of gas-film interactions and sensing Nanocrystalline TiO, thin films are synthesized by a

influence on gas sensing properties.

To achieve a complete control on films structure and
so to develop a new generation of chemical sensors, on
one hand there is a need to improve the material proc-
essing and on the other to perform a careful analysis of
both structural and physical properties of the material.

In the present study nanocrystalline titanium oxide
films have been deposited by spin coating technique. In
particular, X-ray diffraction, high resolution transmission
electron microscopy observations, together with spec-
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sol-gel method using titanium isopropoxide as a source
of titanium. In a typical experiment; 3.7 ml of titanium
isopropoxide was added to 40 ml of methanol and stirred
vigorously at 60°C for 1 hr, leading to the formation of
white powder. The powder was sintered at various tem-
peratures ranging from 400-700°C with a fixed annealing
time of lhr in air to obtain TiO, films with different
crystallite sizes. The nanocrystalline TiO, powder was
further dissolved in m- cresol. The solution was stirred
for 1 hr at room temperature and filtered. This solution
was deposited on to a glass substrate by a single wafer
spin processor (APEX Instruments, Kolkata, Model SCU
2007). After setting the substrate on the disk of the spin
coater, the coating solution (approximately 0.2 ml) was
dropped and spin-coated at 3000 RPM for 40 s in air and
dried on a hot plate at 100°C for 10 min.

The structural properties of the films were investigated
by X-ray diffraction (XRD) (Philips PW-3710, Holland)
using filtered CuKo radiation (A= 1.5406 A°). High
resolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) pattern
were obtained in order to investigate the morphology and
structure of titanium oxide thin films. The HRTEM im-
ages were recorded with a Hitachi Model H-800 trans-
mission electron microscope. In order to determine the
particle size and morphology, the sintered powder was
dispersed in m- cresol and ultrasonicated using Micro-
clean-103 (OSCAR ultrasonic bath apparatus) to separate
out individual particles. The size and morphology of the
thin films were then observed on SEM Model: JEOL
JSM 6360 at 20 kV. The optical absorption spectra of the
TiO, thin films were measured using a double-beam
spectrophotometer Shimadzu UV-140 over 200-1000 nm
wavelength range. The thickness (100-200 nm).of the
film was measured by using Dektak profilometer.

For gas sensitivity measurement TiO, sensors were
prepared by spin coating on the glass substrate. Elec-
trodes on the film were deposited by thermal evaporation
of gold in a high vacuum system (2.5%10¢”), by masking
the film with the help of Al foil (0.5mm width and length
is according to substrate). For taking electrical connec-
tion two Ag wires were stick on gold pads using Ag
paste. The resistance was measured using Rigol 6% digit
DMM. For monitoring the response of the films to vari-
ous gases, the films were mounted in 250cc air tight
container and the known gas (NH;, H,S, C,HsOH,
CH;0H and NO,) of particular concentration was in-
jected through a syringe. All the gas sensitivity meas-
urements were carried out at operating temperature
200°C.

3. Results and Discussion

The sintering temperature was varied between 400-
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700°C and the samples are denoted as Ti400, Ti500
Ti600 and Ti700 respectively.

3.1. Structural Properties

Figure 1 shows the X-ray diffraction patterns of all
nanocrystalline TiO, samples. The X-ray spectra exhibit
the well-defined diffraction peaks, demonstrating that the
samples are polycrystalline. The samples sintered at
400°C and 500°C are relatively less crystalline in nature
while the dramatic improvement in the crystallinity with
the prominent (101) peak along with (103), (112), (200),
(105), (211), (213) and (220) reflection of the anatase
TiO, phase is observed when the samples sintered at
600°C and a mixed anatase and rutile phase is obtained
for sample sintered at 700°C (Ti700). The crystallites are
randomly oriented and the d-values calculated for the
diffraction peaks are in good agreement with those given
in JCPDS data cards (JCPDS No.78-2485 and 78-2486)
for TiO, anatase and rutile phase. This means that TiO,
has been crystallized in a tetragonal mixed anatase and
rutile form. These results are in good agreement with
other reports on the mixed phase TiO, by sol gel method
[5-8]. The lattice constants calculated from the present
data are a = 3.7837 A and ¢ = 9.5087 A respectively.
From Figure 1 it is observed that the peak along (101)
plane is dominant and its (anatase phase) intensity in-
creased with the sintering temperature. However, its full
width at half-maxima FWHM doesn’t change apprecia-
bly [9,10]. The grain size of all the TiO, samples was
calculated using Scherer’s equation and it is in the range
of 50-60 nm, revealing a fine nanocrystalline grain
structure.

3.2 Microstructural and Morphological
Properties

AFM (non contact mode) was used to record the topog-
raphy of the Ti700 sample. In this mode, the tip of the
cantilever does not contact with the sample surface. The
cantilever is instead oscillated at a frequency slightly
above its resonance frequency where the amplitude of
oscillation is typically a few nanometers (<10 nm). The
surface morphologies of the TiO, nanoparticles exhibit
notable features. Figure 2 shows 2D and 3D AFM im-
ages (3 um x 3 um) of the Ti700 sample. The average
particle size of TiO, is found to be in the range of 50-60
nm with surface roughness of about 7-19 nm.

Figure 3(a) shows high resolution TEM image of
Ti700 sample recorded from typical regions of the film.
The HRTEM image shows a large number of crystalline
grains appeared in a structured matrix and the nanocrys-
tallites have a diameter in the range of 2-3 nm which
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Figure 1. X ray diffraction patterns of TiO, film at different sintering temperatures: a) Ti 4000C, b) Ti 5000C, c) Ti 6000C

and d) Ti 7000C for 1 hr in air.

Figure 2. AFM images of TiO, thin films sintered at 700°C for 1 hr in air. a) Planer view; b) 3D view.

exhibits lattice spacing’s of about 0.16 nm. This agrees
well with the literature [5-8]. Figure 3(b) shows the dif-
fraction patterns obtained from Ti700 sample. The dif-
ferent arrangement of dominant diffracted rings indicates
a phase evolution of crystalline grains as a consequence
of thermal annealing.

Figure 4 shows the SEM micrographs of the entire
TiO, thin films (Ti400-Ti700).

For Ti400 sample, the powder was sintered at 400°C,
before it was spin coated. It is observed that at 400°C, the
particles of different shapes and sizes are formed due to
insufficient temperature for its homogenation.When the
powder sintered at 500°C and 600°C, larger crystallites
are broken down to a smaller one. This causes relatively
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better homogeneity. The finely divided nanocrystalline
monodisperesed nanoparticles of TiO, are observed at
700°C.

3.3. Optical Properties

The optical constants namely absorption coefficient (o),
energy gap (E,) and the type of the optical transition
have been determined by examining an optical absorp-
tion spectrum over 200-1000 nm of all the TiO, films.
Figure 5 shows plots of (ahv)® as a function of photon
energy (hv) for TiO, thin films deposited onto glass sub-
strates as a function annealing temperature (400-700°C).
The optical absorption data were analyzed using the fol-
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S 1/mm

Figure 3. HRTEM of TiO, thin film sintered at 700°C for 1 hr in air. a) microstructure; b) Selected Area Electron Diffraction
pattern.

Figure 4. SEM image of TiO, thin film at different sintering temperatures: a) Ti 400°C b) Ti 500°C, ¢) Ti 600°C and d) Ti
700°C for 1 hr in air.
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Figure 5. Plot of (ahv)’ versus (hv) for different sintering
temperatures for 1 hr in air.

lowing classical relation for near edge optical absorption
in semiconductor.

a = oo (hv-E,)"/hv (1

The values of the optical band gap decrease slightly
with increasing annealing temperature (400-700°C). The
decrease in band gap indicates an improvement of the
quality of the film due to the annealing out of the struc-
tural defects. This is in agreement with the experimental
results of XRD analysis. According to XRD results, the
mean grain size increased with increased annealing tem-
perature. As grain size increased, the grain boundary
density of a film decreased, subsequently, the scattering
of carriers at grain boundaries decreased [12]. A con-
tinuous increase of optical constants and also a shift in
absorption edge to a higher wavelength with increasing
annealing temperature may be attributed to the im-
provement in the crystalline quality of the films along
with reduction in porosity. It is also found that the optical
absorption coefficient is larger for all the films (= 10
‘em™). This may be accounted for the fact that the qual-
ity of the TiO, film improves when the sample is an-
nealed at a higher temperature (in this case 700 °C). The
(ahv)* versus hv plots show straight line behaviour on
the higher energy side indicating a direct type of transi-
tions involved in these films. The type of transitions for
TiO, films sintered at 400-700°C was confirmed by plot-
ting In(ahv) versus In(hv-Eg) variation [12,13].

3.4. Gas sensitivity Measurements

The gas sensitivity of a film is usually measured as the
percentage change in film resistance on gas exposure, or
may be defined as the ratio of its resistance in air to its
steady state value in the presence of a gas, or vice versa.
Irrespective of the definition one uses, it is important to
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monitor the (change in) electrical resistance of a sensor
film. Here, we describe the operation of our sensor films
at operating temperature 200°C.

For measurement of change in resistance on exposure
to gases, the sensor head was put in an air-tight chamber
of volume 250 ml, a pre-defined concentration of gas
taken from calibrated cannister of 100 ppm was intro-
duced in this chamber by syringe (Figure 6). The resis-
tance of the film was measured before and after exposure
to gas.

Gas sensitivity = Ri/R, 2)

where Ra is the resistance in air and R, is the resistance
in a sample gas.

It is observed that a TiO, thin film at 700°C provides
the TiO, particles with the desired tetragonal crystal
structure and nanocrystalline TiO, particles. These stud-
ies have revealed that the TiO, thin films at 700°C may
provide improved gas sensing properties and therefore
the present paper aims at the gas sensing properties of
TiO, thin films at 700°C.

Figure 7 shows the sensitivity of titanium oxide films
to 100 ppm of ammonia gas as a function of working
temperature. As evident, the sensitivity increases with
the temperature and reaches a maximum value in corre-
spondence of T = 200°C. If the temperature increases
again, the sensitivity decreases. This behavior can be
explained in analogy with the mechanism of gas adsorp-
tion and desorption on SnO,, [14] ZnO [15] and ITO [16]
films. An n-type metal-oxide can adsorb oxygen from the
atmosphere both in the O, and in the O species. The
adsorption of O is the most interesting process in sen-
sors, because this oxygen ion is the more reactive and
thus makes the material more sensitive to the presence of
reducing agents, in our case NHj.

Now, at relatively low temperature the surface prefer-
entially adsorbs O, and the sensitivity of the material is
consequently very small. As the temperature increases,
the dominant process becomes the adsorption of O, then
the sensitivity of the material increases too. If the tem-
perature increases too much, progressive desorption of
all oxygen ionic species previously adsorbed occurs and
the sensitivity decreases.

The gas sensing properties of TiO, film was carried
out for NH;, CH;0H, C,HsOH, H,S and NO, gases. All
the measurements were carried out at operating tem-
perature 200°C. To determine response and recovery
times, a film was exposed to 100 ppm concentrations of
CH;0H, C,Hs0H, NO,, H,S, and NHj; and its resistance
was recorded as a function of time. The response time
has been defined as the time taken to attain 90% of final
value, and the recovery time as the time taken to regain
10% of the base value. It was observed that the resistance
of the TiO, films decreases on exposure to H,S, NH;
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Figure 7. Sensitivity of TiO, films to 100 ppm of ammonia
gas as a function of working temperature.

CH;0H andC,HsOH gas where as it increases on expo-
sure to and NO, gas.

Typical gas response curves of TiO, films for 20-100
ppm concentrations of NHj3, is shown in Figure 8.

Copyright © 2011 SciRes.

The sensitivity is defined as:

Sensitivity (%) = | (Rgas- Rai)/Rair | X 100 (3)

An attempt was made to study selectivity of TiO, films
for 100 ppm concentration of NH; as compared to the
sensitivities of CH;-OH, C,Hs-OH, NO, and H,S. The
bar chart for selectivity is as shown in Figure 9. It is
observed that TiO, thin films can sense NH; with higher
sensitivity value as compared to other gases. It is ob-
served that TiO, film is sensitive as well as fast in re-
sponding to NHj;. The response for NH; is better by a
factor of ~ 11 and also faster than other gases. A high
sensitivity for ammonia indicates that the TiO, films are
selective for this gas.

The higher sensitivity towards NH; than CH;0H,
C,H;s0H, NO, and H,S, can be explained on the basis of
different interactions between sensing film and adsorbed
gas. TiO, is n-type materials and when it interacts with
reducing gas such as NH;, CH;0H, C,HsOH and H,S
there is increase in charge carrier density. This results in
increasing the conductivity of material and film resis-

JST



S.PAWAR ET AL. 15

14 3 L] L] L] L] L] L L -
E N TiO, to NH3£

12 3 * v:‘* —m—20ppm J7
3 —A—40 ppm 3
10F a 60 ppm J
& \ —v—80ppm |3
-1-m- —*— 100 ppm g4

Response (%)
®
T
P\
s
.
[
_—

4F b
3 \‘\ \'\
2 F ), 3
\K:?::-\.*V::“*
0 kvl J At LTV
- 2 E 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
Time (sec)

Figure 8 .Response curve of TiO, films for 100 ppm NH; in
at the optimum working temperature.

Response (%)

NH3 CH3-OH C2H5-OH H2S NO2

Gases

Figure 9. Gas responses of TiO, sensor film to 100 ppm of
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tance decreases. In case of oxidizing gas like NO, there
is a decrease in charge carrier concentration and thereby
decreasing conductivity. The interaction of H,S, CH;0H,
C,Hs0H and NO, with TiO, film is very less as com-
pared to NH;, hence it shows very slow response and less
sensitivity.

The response values of TiO, sensor film is plotted as a
function of NHj concentration in Figure 10. It is ob-
served that the response slows down at higher concentra-
tion; this may be due to less availability of surface area
with possible reaction sites on surface of the film.

Figure 11 shows electrical response of TiO, to 20, 40,
60, 80 and 100 ppm of NH;. As seen from fig. the resis-
tance of sensor film decreases dramatically upon expo-
sure to ammonia vapor, attains stable value and increases
gradually after being transferred to clean air.

4. Conclusions

In this paper we have reported on the preparation of tita-
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nium oxide thin films and on subsequent microstructural
and physical characterizations. High resolution Trans-
mission electron microscopy observation evidenced
compositional and structural modification induced by
thermal annealing. A strict relationship between struc-
tural and electrical properties can be observed by a com-
parison of structural analysis results and electrical char-
acterization. The XRD results reveal that the deposited
thin film of TiO, has a good nanocrystalline tetragonal
mixed anatase and rutile phase structure. The AFM,
HRTEM, and SEM results demonstrate that a uniform
surface morphology and the nanoparticles are fine with
an average grain size of about 50-60 nm. Optical studies
showed that the TiO, has high absorption coefficient (=
10* em™) with a direct band gap. The optical band gap
decreases slightly with increasing sintering temperature
(3.26-3.24 eV).

As regards the gas sensing properties of titanium oxide
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films, we can conclude that they are promising sensors of
NH; in air, with a negligible response to H,S NO,
CH;OH and C,HsOH gases.
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