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Abstract In this work, effects of thickness towards vol-
ume proportion of TiO, nanofilms were deposited on a
glass substrate at 500 °C by using ANSP method. The opti-
cal profilometer shows the coated films thicknesses were
increased (186, 234, 311, 397 and 433 nm) by increasing
the volume proportion. Based on the thickness, The XRD
reveals a polycrystalline tetragonal anatase phase with
decreased particle sizes. The topographical study (AFM) of
3D surface view shows the incremented average roughness
(R,) values. The surface morphological variations with
decremented particle size were examined by FESEM. The
maximum transmittance ~78.5% (A=612.8 nm) is obtained
to 186 nm thickness and further increment of thickness
shows the decremented value of transmittance with an
absorption edge shifted from lower to higher wavelength
(blue shift) and the calculated band gap value Eg=3.65—
3.26 eV. The gas sensing performances of films was studied
by using a various sensing parameters, obviously C,HsO
gas shows highest response (S,,=13% as 397 nm) at 300°C
for 150 ppm gas concentration against other gasses (NHj,
CH,0, C;H;O and C;H(O).

1 Introduction

The improvement of nanoscience and nanotechnology plays
an effective role to reduce several global environmental
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problems such as the greenhouse effect and the ozone
hole. These problems are related to the release of pollut-
ant gasses in the atmosphere, therefore their exposure and
demolitions are the hot global priority. As mentioned in the
literature, the semiconducting metal oxide of solid-state
(SnO, TiO,, ZnO) gas sensors is widely preferred due to
a sequence of specific advantages [1]. Particularly, n-type
metal oxide semiconductor of titanium dioxide (TiO,) is an
effective material for the different new applications such as
solar cell [2], purifier of environmental pollutants [3], pho-
tocatalysis [4], gas sensors [5], corrosion-protection [6] and
microelectronics [7, 8] applications, due to its properties of
non-toxicity in aqua, reasonable cost, powerful oxidation
potential and high chemical inertness TiO, is an attractive
material owing to their notable ability to change the electri-
cal resistance (conductance) in response to oxidizing and
reducing gasses, and the electronic structure of TiO, and
its consequences as far as the gas sensing performance is
concerned immensely.

TiO, defined with three polymorphic forms such as
anatase, brookite, and rutile. The Rutile (D4h,14P42/mnm,
symmetry) and anatase (D,;,'°I4,/amd, symmetry) make
a tetragonal phase and they were developed commercially,
but the orthorhombic phase of brookite (Pcab, lower sym-
metry) is very difficult to prepare but naturally present in a
solitary crystal form. Brookite and anatase may be turned
to rutile phase by the subject of higher temperature, usu-
ally at ~750 to ~1000°C respectively [9]. A rutile phase
is usually the dominant phase in TiO,, but some work has
been synthesizing an anatase phase because of their impor-
tance in practical engineering applications in sensors [10].
The fabrication of the anatase and rutile phases strongly
depends on the temperature and deposition method [11].
Attentively many techniques are used to prepare the stabi-
lized anatase TiO, thin films namely, sol—gel [12], chemical
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vapor deposition [13], pulsed laser deposition [14], electro-
chemical [15], RF-magnetron sputtering and spray pyroly-
sis deposition [16]. Among them, the spray pyrolysis is
one of the significant methods which are may effectively
opened new routes to nanotechnology. This process impor-
tantly has a very safety, less expensive, no need in vacuum
arrangement and sustaining homogeneity in large area of
film coating [17] behaviors.

Significantly, the effect of thickness plays an important
role in controlling the phase stability and film properties,
which is one of the critical parameters to achieve a desired
structural and functional property [18]. As our knowledge,
only a few works have been studied by using acetylac-
etone stabilized Ti-alkoxide precursors, whereas the phase
stability was not maintained on their works also [19-21].
Particularly no systematic study of structural and optical
characterization of the anatase phase TiO, films deposited
by spray pyrolysis technique from the source of acetylac-
etone stabilized Ti-isopropoxide have been performed. Pre-
dominantly, the automated nebulizer sprayed anatase phase
stabilized and gas sensing performances of TiO, film have
not been studied so far. The aim of this work is to deposit
TiO, nanofilms on preheated glass substrate at 500 °C with
different volume proportions by the method of automated
nebulizer spray pyrolysis and exemplify the effect thickness
on structural, optical, topography, morphological and gas
sensing performance of TiO, nanofilms.

2 Experimental details

TiO, nanofilms array with nominal volume proportions
(x) of 2.5, 5.0, 7.5, 10.0 and 12.5 ml is taken and prepared
by using automated nebulizer spray pyrolysis technique
(ANSP) in an air atmosphere. The experimental setup,
procedure and advantages of ANSP were explained [9]
elsewhere and the observed basic parameters were men-
tioned in Table 1. The primary stock solution was pre-
pared with 0.1 M/1 of titanium tetra-isopropoxide (TTIP)
[Ti[OCH(CHj3),]4] dissolved in 50 ml mixed solution of
ethanol (EtOH) (C,HsOH) solvent with acetylacetone
(AcAc) [CH;COCH,COCH;] stabilizer in the ratio of
(4:1) and stirred for 15 min by using magnetic stirrer. The
obtained transparent pale yellow solution with different
above mentioned volume proportions was sprayed on the
ultrasonically cleaned glass substrate at 500 °C.

Various volume proportions of coated films may bring
into being a various thickness of the films and their charac-
terization is analyzed by the following study. The structural
properties of TiO, films were entirely studied by X-ray dif-
fraction (Bruker D8 advance X-ray diffractometer) with
Cu Ka radiation (A=0.15418 nm). Surface morphology
of the films was characterized via atomic force microscope
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Table 1 Optimized spray parameter for TiO, nanofilms with thick-
ness variation

Particulars Parameter
Spray type Nebulizer
Air blast Atomizer
Carrier gas pressure 30 Pa
Solution flow rate 0.10 ml/min
Distance from substrate to spray 5cm
nozzle
Substrate type Glass

Solvent Ethanol and acetyle acetone
Precursor Titanium isopropoxide
Concentration 0.1 mol/l
Deposition variation 2.50, 5.00, 7.50, 10.00, 12.50 ml
Deposition temperature 500°C
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Fig. 1 XRD study on various thickness of TiO, nanofilms

(AFM, Model-Nanoscope E) and field emission scanning
electron microscopy (FESEM, Quanta-250 FEG) apply-
ing an operating voltage 30.0 kV. An optical study of the
films was done by Ultra Violet—Visible-Near Infrared
(UV-Vis-NIR) spectrophotometer (Model JASCO-V-500)
in the range from 250 to 980 nm and thickness of the films
was determined by using surface profilometer (SJ-301
Mitutoyo). Finally, the gas sensing performances were
studied by LCR meter (GW Instek LCR-821).

3 Results and discussion

XRD study of thickness varied (186, 234, 311, 397,
433 nm) nanofilms of TiO, are shown in Fig. 1. The coated
films were generally polycrystalline with stabilized anatase
form of tetragonal phase with prominent diffraction peaks
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at 20°=25.51, 38.31, 48.66 and 55.44° corresponding to
(101), (112), (200) and (105) reflection planes were well
fitted with standard JCPDS data, card no. 89-4921. Mean-
time, this film was not detected other two remaining phases
(brookite, rutile) because the preparation method and raw
materials were maintain the phase stability [22]. The crys-
tallite size ‘D’ is calculated using Scherrer formula [23],

. 09x4
= (P xcos0) 1)
_nA

4= 55n0) @)

where D is the crystalline size, A is the wavelength of
X-rays, P is the broadening of diffraction line measured
at half its maximum intensity in radius, d is interplanner
spacing value and 0 is the angle of diffraction. The average
crystallite size and d-spacing value were found to decrease
with increase in thickness and their intensity of TiO, films
varied with respect to thickness. The lattice constants deter-
mined from the present data are a=3.788 and ¢=9.549 A.
The dislocation density and microstrain were calculated by
using equations (3) and (4) for TiO, films [9].

6=—5 3)
A B
£ Dsinf tan6 @)

The variation of dislocation density and microstrain
with different thickness of TiO, was listed in Table 2. It has
been confirmed that the calculated average crystalline size,
d-spacing value, lattice parameter, dislocation density and
microstrain of the obtained films values corresponded to
that of the bulk TiO, anatase phase structure [24].

Atomic force microscope (AFM) allows us to get micro-
scopic information on the surface structure and to plot
topographies representing the surface relief. This tech-
nique offers digital images which allow quantitative meas-
urements of surface features, such as root mean square
roughness R, or average roughness R,, and the analysis of
images from different perspectives, including three-dimen-
sional simulation. The topography view of 2 pmX2 pum
sized three-dimensional AFM images of TiO, nanofilms
with different thickness (186, 234, 311, 397, 433 nm) is
shown in Fig. 2a—e. In sample with the lowest thickness,
particles rather are isolated from each other (Fig. 2a, b)
while in Fig. 2c—e are continually in distribution these
changes in surface morphology might lead to degradation
in the crystalline quality of the film [25]. This suggests
that the particles seen at the surface of the film are clus-
ters of crystallites. The AFM analyses of average rough-
ness parameters were listed in Table 2. It can be seen from
the figure, the surface roughness and coating thickness of

the films is increased with respect to thickness. This vari-
ation shows the fine correspondence with crystalline size
and d-spacing value of XRD study. Figure 2f—j shows the
surface morphological characterisation of TiO, nanofilms
and it is analysed by using field emission scanning electron
microscope (FESEM). The smaller thickness of the coated
films (186 nm) depicts the spherical shape structures and
for the thickness of 234, 311, 397, 433 nm shows the micro
spherical structures. The observed particle sizes were
decreased by increase in thickness, which is in good agree-
ment with structural and topography study.

The optical transmittance spectra of TiO, nanofilms over
the spectral range of 250 nm to 980 nm are shown in Fig. 3.
The oscillating nature of average transmittance is enhanced
up to 78.4% (at A=616 nm) for the coated film of 186 nm
thickness. The transmittance values of all coated films
were decreased by increase in thickness. This decrement is
caused by the fundamental absorption of light may increase
the quality of defect less films immensely [26]. The UV
region of sharp absorption edges was shift from shorter to
longer wavelength (Blue-shift) due to the thickness (186,
234, 311, 397, 433 nm) variations, since the improvement
in crystal quality of the films along with a reduction in
porosity [27]. The band gap energy was calculated by using
the Tauc’s relation [28].

a(hv) = A(hv — E)'/? 5)

where E, is the optical band gap of the sample and A is
constant. Optical band gap (E,) energy of TiO, film is car-
ried out by extrapolating linear region spectrum (athv)? ver-
sus (hv) as shown in Fig. 4. The obtained band gap energy
(Eg=3.26-3.65) is decreased from higher to lower with
respect to increasing thickness because of an improvement
in film quality may reduce the structural defect. The stand-
ard band gap energy of anatase phase TiO, is 3.20 eV is
finely coinciding with a coated thickness of 397 nm, hence
the film was currently matched with XRD study.

3.1 Gas sensing behavior of TiO, nanofilms

The schematic diagram of the gas sensor setup was repre-
sented in Fig. 5. As we can be seen, the cylindrical stainless
steel testing chamber inbuilt with a nichrome-heating ele-
ment and a chromel-alumel thermocouple is fixed at bot-
tom of the testing chamber and it is well connected with
a temperature controller for adjusting the temperature (~up
to 500°C). The sensing measurements were proceeded by
a static process: a specified amount of the test gas such as
C,H(O, NH;, CH,0, C;H0, and C;HO was injected into
a testing chamber and mixed with air. A mass flow control-
ler (MFCs) was used to control the concentration of the test
gasses. The sensor films were electrically connected to a
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Fig. 2 a-j Topography view of .
AFM and surface morphology (2) 186 nm ¢ (f) 186 nm
of FESEM for TiO, thin films
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Fig. 3 Variation of transmittance as a function of wavelength for
TiO, nanofilms
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Fig. 4 Plot of (ohv) 2 versus hv for TiO, films sprayed at 773 K
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Fig. 5 Schematic diagram of gas sensor setup
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two-probe setup for measure the resistance variation (GW
Instek LCR-821) and hence calculate the sensing response.
The gas sensitivity response (S) factor of TiO, nanofilms
was calculated by using the relation of resistance in the air
(R,;;) and resistance in reducing gasses (R,,,), which was
expressed as [29].

gas

Rair - Rgas _ ﬂ Rair 6
R "R R ©)

gas gas gas

S =

Based on that, various parameters such as crystallite
size, film thickness, porosity, amount and nature of dopant,
catalysts and surface states are known to be important in
enhance the gas sensitivity of the sensors element [30]. The
main emphasis of this letter is to study the chemiresistors
(metal oxide) gas sensing surface phenomenon of adsorbed
oxygen and different gases (CH;0H, NH;, C;H{0, C,HsO
and C;HO) with various parameters of sensitivity, selec-
tivity, response and recovery times with respect to the
function of temperature (°C) and gas concentration (ppm)
of pure titanium oxide nanofilms were prepared by using
automated nebulizer spray pyrolysis method. The sensing
nature of pure TiO, films significantly relates with operat-
ing temperature [31]. Accordingly, the gas sensing response
behaviour of various coated thickness (186, 234 nm, 311,
397, 433 nm) of TiO, nanofilms were represented with a
function of temperature (50-350°C) at an constant gas
concentration (150 ppm) of C,H,O reducing gas is shown
in Fig. 6(left). As we can be seen, the gas response of all
the films increased with respect to operating temperature,
the sensor element (TiO,) of the various coated thickness
of the films reaches the maximum gas response (S,,=13%
as 397 nm) at 300°C and then falls with further increase
in operating temperature is due to the mechanism of gas
adsorption and desorption of chemiresistors (metal oxide)
[1]. Similarly, Fig. 6(right) denote the various reducing
gas sensing response of 397 nm thickness of TiO, with a
function of temperature (50-350°C) at a constant gas con-
centration (150 ppm). Among the various reducing gas,
the C,H4O reducing gas reveals the highest gas response
(S,,=13%) may be due to the surface phenomenon of
adsorbed oxygen, nanocrystalline nature of films and
higher surface to volume ratio [32].

The dependence of sensitivity towards different thick-
ness of (186, 234, 311, 397, 433 nm) TiO, on the C,H,O
gas concentration at an operating temperature of 300°C
is shown in Fig. 7(left). It is observed that the sensitivity
increases linearly as the C,HsO concentration increases
from 30 to 150 ppm and then decreases with further
increase in the C,HcO gas concentration. The linear rela-
tionship between the sensitivity and the C,H,O gas con-
centration at low concentrations may be attributed to the
availability of a sufficient number of sensing sites on the
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film to act upon the C,H;O. The lower and higher gas con-
centration involves a lower and higher surface coverage of
gas molecules, resulting in a lower and higher surface reac-
tion between the surface adsorbed oxygen species and the
gas molecules. Further increase in gas concentration the
surface reaction will be gradual and reached saturation of
the surface coverage of gas molecules. Thus, the maximum
sensitivity was obtained at an operating temperature of
300°C for the exposure of 150 ppm of C,HO reducing gas.

Figure 7(right) shows the various reducing gas response to
397 nm thickness of TiO, films at 300°C operating tem-
perature for different gas concentration. Which is shows the
C,H,O gas exposes highest sensitivity response when com-
pared with other reducing gasses.

Figure 8(left) shows the sensitivity response to different
thickness (186, 234, 311, 397, 433 nm) of various reduc-
ing gasses at 300°C operating temperature with constant
gas concentration (150 ppm). Among all gasses, the C,HsO

Fig. 6 Sensitivity response of 20 20
1 1 Coated Thickness . _
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gas reveals the high sensitivity response for the respective
parameter. The effective of these sensors is very fast as it
can be observed; that the gas response and gas recovery
times are defined as the times of conductance takes to reach
90% of (R~R,) when the gas is introduced and to recover
30% of (R—R,) when the flux of the air is restored. Fig-
ure 8(right) says the response and recovery time for C,H,O
are about 20 and 90 s respectively. The quick response
C,HO gas may due to faster oxidation, which shows
their good sensing ability and their time to the sensitivity
response of the sensor element has approximately constant
in every cycle, which is indicating the repeatability of the
Sensor.

3.2 Gas sensing mechanism

The fast response and quick recovery of C,HsO reducing
gas having a most important feature of the present inves-
tigation are high gas response, high selectivity to against
other gasses (NH,, CH,O, C;HgO, and C;HO). The
enhanced response could be attributed to nanocrystalline
nature of the films. It is known that the high sensitivity
performances were sustained with a metal oxide, which
absorbs oxygen species of O~,, O~ or O*~ from the sur-
rounding and also control the increment of conductivity
due to electron capture by oxidizing gas [33] were as,

O,(gas) + e~ — O,(ads)” @)

O,(ads)” + e~ — 20(ads)~ 8)

The presence of chemically adsorbed oxygen could
cause electron depletion in the thin film surface and be
building up of Schottky surface barrier; consequently, the
electrical conduction of thin film decreased to a minimum.
When a surface of the material exposed to the reducing gas,
the interaction with the chemisorbed oxygen can take place
in a various way. Here, the maximum sensitivity of surface

reactions can be written to the reducing gas of ethanol as
the follows [34]:

C,H,0H + 0, » CH,CHO + H,0 )

CH;CHO + O™ (ads) - CO, + H,O +¢™ (10)
with this reaction, many electrons could be released to
a thin film surface. This could make the Schottky sur-
face barrier decrease; with the depletion layer thinner;
consequently, the electrical conductance of the thin film
increases. More gas would be absorbed by the thin film sur-
face; thus, the gas sensitivity was enhanced. An increase in
operating temperature causes oxidation of a large number
of C,H4O molecules, thus producing a very large number
of electrons. Therefore, conductivity increases largely. This
is the reason why the gas sensitivity increases with oper-
ating temperature. However, the sensitivity decreases at
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higher operating temperature, as the oxygen adsorbents are
desorbed from the surface of the sensor [35]. In addition,
at a higher temperature, the carrier concentration increases
due to intrinsic thermal excitation and the Debye length
decreases. This may be one of the reasons for decreases gas
sensitivity at higher temperature [36].

4 Conclusion

Based on the structural, compositional, topography, surface
morphology, optical and gas sensing performance of our
samples were emerge out the following points: (i) different
thickness of the TiO, films were examined by using opti-
cal profilometer and the obtained thickness are 186, 234,
311, 397, 433 nm with respect to volume proportion (ii) all
samples exhibits a polycrystalline anatase phase of tetrago-
nal structure with strong plane orientation (101), and the
observed crystalline size were decreased with increase in
thickness. (iii) AFM shown the average roughness value
were increased by increase the thickness and the morpho-
logical behavior of micro spherical structure with reduced
particle sizes as revealed in the study of FESEM. (iv). The
optical transmittance values were decreased with an blue
shift of absorption edge; the band values were decreased
with increase in thickness due to the improvement of
defect-free quality films was determined by optical meas-
urement. (v). Finally, the gas sensing performance of TiO,
nanofilms shows their sensitivity response (%) with respect
to operating temperature, coated thickness and gas con-
centration of various gasses. The reducing gas of C,HsO
exhibits a greatest sensitivity response (S=13%) against
other gasses at 300 °C for 150 ppm of gas concentration.
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