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On glass substrates, silver (Ag) doped Titanium dioxide (TiO,) films at varied levels of
concentrations (0, 2, and 4) % wt were synthesized by chemical spray pyrolysis (CSP). As
per the X-ray diffraction pattern, the only phases present in the sample were anatase and
rutile TiO,. Using AFM, it was discovered that the TiO, thin films were smooth and
compact; however, the surface roughness increases as the dopant amount decreases. SEM
images display TiO; films. Surface transformation is evident with uniform spherical nano-
grains after Ag doping. The optical characteristics of wavelength range (300-900) nm have
been investigated using absorbance and transmittance spectra. The results revealed that the
films have a 65-75 % transmittance in VIS-NIR spectra for all films. The allowable direct
electronic transitions have (3.15-3.25) eV energy gaps. At 250 ppm, the NH3 gas sensor
exhibited increased resistance, indicating heightened sensitivity. Sensitivity decreases with
concentration increases to 0 %, 2 %, and 4 % of Ag for NH; gas. Reduction observed:
18.4% to 4.6% (50 ppm), 20.7% to 6.8% (150 ppm), and 25.9% to 8.2% (250 ppm).

(Received January 11, 2024; Accepted April 15, 2024)

Keywords: TiO,, Ag content, Optical and structural properties, Atomic force microscope,
SEM, Energy gap, Gas senor

1. Introduction

TiO, has been extensively researched and applied in diverse sectors such as electrical,
chemical, architectural, pharmaceutical, and cosmetic industries for over two decades. Its
popularity in scientific investigations stems from its exceptional catalytic properties, cost-
effectiveness, robust physical and chemical stability, and non-toxic composition [1]. TiO, exists in
three polymorphic forms: brookite, anatase, and rutile, with the latter two commonly utilized as
photocatalysts. Anatase and brookite, as metastable phases, undergo transformation to rutile within
the temperature range of 973 K to 1173 K.. Anatase and rutile have a tetragonal structure, while
brookite has an orthorhombic structure [2]. The photocatalytic activity of TiO, is widely
understood to be linked to its crystal structure. [3]. Dopants are picked based on a range of features
like the number of doped atom size contrast to the host atom and whether they are cationic or
anionic. All of these variables impact several properties, including morphological, optical, and
electrical characteristics[4]. Several publications have been published in this metal oxide [5-7].
The ionic radii of Ag" ion (1.15A) are bigger than that of Ti*" ion (0.68A)), the Ag” ions [8-9]. The
introduction of Ag onto pristine TiO; significantly alters the electrical and optical properties of
semiconducting materials through impurity doping. [10]. TiO, is grown using a variety of
processes, such as, CVD [11], ion beam [112], PECVD [13], Plasma spray [14],anodic [15], PLD
[16], including thermal [17], sol-gel method [18-20], RF sputtering method [20, 21] and CSP [22-
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25]. The major goal of this research was to use the CSP method to produce undoped and TiO»:Ag
thin films and explore the doping influence on several physical parameters.

2. Experimental

The TiO; thin films were made by dissolving 0.1 M TiCl, (provided by Sigma-Aldrich —
Germany) in a 1:1 deionized water and ethanol solution. Ag trichloride (AgCls), diluted in
deionized water (supplied by PubChem India), was used as a doping agent. The insertion of a few
drops of HCI resulted in a transparent solution. Ag-doped TiO, film was grown on a glass slide
base by chemical spray pyrolysis. The conditions for preparation are as follows: Substrate
temperature 450°C, The distance between the spout and base was 29 c¢cm, and 8 S spraying time
was extended to 60 seconds to prevent cooling, with a spray rate of 4 ml/min, and nitrogen (N>)
was utilized as a carrier gas.. Film thickness was determined to be 330 +25 nm using the
gravimetric technique. XRD obtained the structural properties. AFM was utilized to study surface
of the deposited films. SEM was employed for morphology analysis. UV-visible
spectrophotometer was utilized to record absorbance spectra in the 300-900 nm wavelength region.
In conclusion, The TiO, gas sensor was fabricated by depositing aluminum as ohmic contact
electrodes on the TiO; thin films using a graded mask. Gas sensitivity is typically assessed by the
percentage change in film resistance upon exposure. The samples were placed in a locally
manufactured cylindrical chamber (radius: 7.5 cm, height: 15 cm) for testing.

3. Results and discussions

Figure 1 illustrates the XRD patterns of the intended films, revealing the impact of Ag on
the phase of TiO, films.. The TiO, phase shows three dominant peaks at 28.56°, 36.64°, 43.51°,
57.31° and 61.67° attributed to the (002), (202), (003), (022) and (313) planes, respectively.
Adding Ag could improve the crystallization of the TiO; films. All the films exhibit the phases of
anatase and rutile, both belonging to the tetragonal crystal system. The peak is similar to the
standard ICDD card No (46-1238). No additional diffraction peaks belonging to silver or silver
compounds exist in the diffraction patterns of all the samples, mentioning that metal ions are
dispersed on TiO; [26]. This can be attributed to the low amount of dopants in these samples or the
replacement of Ti ions with Ag ions. Ag doped TiO: thin films diffraction peak is slightly shifted
upward compared with the undoped TiO; thin films. Average crystallite size of TiO, Compared
with Ag-doped TiO; has been increased with doping which slightly increases this attribute to
annealing films with preparation. Because of the existence of ionic radii mismatch, the doping of
Ag induces a dislocation density and strain in the TiO, crystal lattice; Given that Ag'(1.26) has a
higher ionic radius than Ti*(0.68), a small amount of Ag" can be introduced into the periodic
crystal lattice of TiO, by substituting Ti*" ions, but this is not significant. [27,28].

The formula developed by Debye Scherrer can be written as [29].

092
hiet = Bcosb
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Here, A represents the incident X-ray wavelength, B is the Full Width at Half Maximum
(FWHM), and 6 is the diffraction angle.The lattice dislocation densities formula can be expressed
as [30]:
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The lattice strain formula can be expressed as [31]:
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Table 1 shows the decrease in strain and dislocation density with increased crystallite size,
indicating better crystallinity with increased Ag doping. This attributes more defects in the crystal

lattice and lattice distortion in Ag-doped TiO; films [32].
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Fig. 1. XRD styles of the intended films.
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Fig. 2. X-ray parameters of the intended films.
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Table 1. Microstructural parameters of the intended films.

Specimen 20 (hkl) | FWHM Optical Grain size Dislocations density Strain
©) Plane ©) bandgap (eV) (nm) (x 10") (lines/m?) (x 107)
Undoped TiO, | 28.56 002 0.58 3.25 14.13 5.00 2.45
TiO2: 2% Ag 28.56 002 0.54 3.20 15.18 433 2.28
TiO2: 4% Ag 28.47 002 0.50 3.15 16.39 3.72 2.11

AFM studies, in general, complement the results obtained from three-dimensional
imaging. The undoped and TiO;: Ag films are uniform, dense, crack-free and homogeneous. In
Fig. (3), we give the AFM image of the Undoped and TiO,: Ag surface. The estimated average
particle size measurement of the TiO; surface is about 76.82nm and decreases with Ag 3% doping
to arrive 55.43 nm. The surface roughness's surface root mean square (RMS) values amounted to
5.86nm and 3.16nm for as-deposited TiO, and TiO.: Ag (3%)films, respectively. Doping TiO;
with Ag significantly decreased surface smoothness of the film. The average particle size is in the
nm range, slightly larger than the XRD data. Similar results can be seen in reference [33]. Table 2
illustrates the AFM information for all films.
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Fig. 3. AFM. of Undoped & TiO»: Ag films.
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Table 2. AFM parameter measurement of Undoped and TiO;:Ag films.

Average Particle size Ra R. M. S.
Samples
nm (nm) (nm)
Undoped TiO, 76.82 6.52 5.68
Ti0,: 2% Ag 60.67 5.36 4.82
Ti0,: 4% Ag 5543 3.79 3.16
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The SEM pictures of the synthesised films from Undoped TiO», TiO2: 2% Ag, TiO2: 4%
Ag are displayed in Fig. (4). The SEM images reveal a distinct transformation in the synthesized
films. Initially characterized by flat islands, the surface undergoes a significant change,
transitioning into uniformly covered spherical nano-grains following Ag doping. The observed
decrease in the size of these nano-grains as Ag doping increases suggests a correlation between the
doping concentration and the resulting nanostructure. This phenomenon is likely influenced by the
interaction between the added silver (Ag) and the TiO, matrix, impacting the growth and
arrangement of nanostructures during film synthesis [32].

MIRA3 TESCAN _ SEMHV:15.0 |
View
SEM MAG: 50.0 kx | Date{midy): 11117122 SEM 0 kx| Datefmidiy): 1117122

Fig. 4. SEM images of TiO;: (a ) Undoped, (b) 2% Ag, (c) 4% Ag.

The optical transmission (T) spectra of the intended films are shown in Fig. 5. T of
Undoped TiO; is about 75 % in the visible area, and after doping it is increased to 65 %, which
may be due to the grain boundary scattering [35].

The absorption coefficient (@) is illustrated in equation 4 [36]:

a = 2.303 (A/d) 4)

where A is absorbance, and d is film thickness. The intended films are varied with Ag contents that
are determined from absorbance measurements using equation (4) is shown in Fig. (6) A dropped
abruptly at the UV/VIS boundary and progressively in visible areas [37]. As a result, Ag doping
lowers the bandgap energy. The higher the Ag content, the greater the absorption of shorter
wavelengths. A comparable study found that the absorption edge shift was presumably caused by
silver and TiO; interaction [38].
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Fig. 5. Transmittance of Undoped and TiO::Ag films with different dopant.
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Fig. 6. a of Undoped and TiO;:Ag films with different dopant.

The direct band transition is given by [39]:
(ahv)? = B(hv — E,) (5)

where B is a constant, h v is incident photon energy.

The graph of (ahv)? vs hv of the intended films, which was used to determine bandgap, is
depicted in Fig. (7). Because the linear part of (hv)® increases linearly with photon energy at
increasing photon energies, it is concluded that the intended films feature direct band transitions..
The linear of the curve, when extrapolated to zero, gives the optical band gap value. The energy
bandgap of the intended films decreased with Ag doping for all films, as seen in Fig. (6). Previous
studies [29] have found similar results. Ag doping resulted in increased localized near valence and
conduction bands. This can be assigned to the larger particle sizes or the increased size of

particles. Ag doping reduced bandgap energy, preventing charge recombination between electron-
hole pairs [40].
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Fig. 7. direct band gap (Eg) of Undoped and TiO::Ag films with different dopants.

Fig. (8) Shows the diversity in extinction coefficient k of TiO, films with wavelength. The
figure shows that £ has the same behaviour refractive index. The influence of Ag content on k
values is observed, showcasing a decrease in the extinction coefficient values with an increase in
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doping concentration. This decrease is attributed to heightened absorption, contributing to a
reduction in defects or deep tails, ultimately resulting in lower extinction coefficient values [41].
Since the dispersion energy depends on the optical transition and the optical conductivity,
the refractive index (n) is a crucial element in fabricating devices with desirable optical properties.
[42]. Fig. (9) Shows the diversity in refractive index (n) of TiO, films with wavelength.
Equation 6 was used to K of the intended films [43]:

k=2 6
T 4m ©

Equation 7 was used to n of the intended films [44]:

_1HR | 4R, ,
"T1-R |0-R)? ™

where R is the reflectance. n variation with A of the intended films is shown in Fig. 8. n for both
films reveals a similar trend. The curve drastically falls in the A range of 400 to 600 nm and then
gently increases with a further wavelength increase after a dramatic rise in the 400 to 600 nm [45].
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The detection sensitivity, or response of the sensor, can be computed as [46]:

... _AR
Sensitivity = — =

Ry

Ry — R,

Ry

x 100 % )]

The gas sensor, fabricated using porous silicon and avia TiO; thin film on glass, was tested
against oxidizing gas (NH3) at a concentration of 250 ppm. Figure (10) illustrates the relationship
between resistance and time for Undoped, TiO2: 2% Ag and TiO»: 4% Ag at 250 ppm, operating at
a temperature of 150 °C. The presence of NH3; molecules leads to an oxidation process on the
surface. As specific O*" ions release bonded electrons to the surface, these electrons drift back to
the conduction band [48], resulting in increased resistance and an enhanced potential barrier under
these conditions [49]. Furthermore, it was observed that the TiO; film at 4% Ag doping exhibited
the highest resistance.
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Fig. 10. Resistance as a function of operating time for Undoped and TiO;: Ag films with different dopant.

The sensitivity plots in Figure (11) illustrate the impact of Undoped, TiO»: 2% Ag and
TiO,: 4% Ag, on NH3 gas exposure. The recombination process between charge carriers influences
sensitivity, revealing a reduction with increasing Ag doping [50] . For varied Undoped, TiO,: 2%
Ag and TiOs: 4% Ag, sensitivity decreased from 18.4 % to 4.6 % (50 ppm), 20.7 % to 6.8 % (150
ppm), and 25.9 % to 8.2 % (250 ppm) [51,52]. Sensitivity decreased for Undoped, TiO2: 2% Ag,
and TiO2: 4% Ag, indicating that higher Ag doping levels led to a decline in the sensor's
responsiveness to NH; gas.
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Fig. 11. Sensitivity of Undoped and TiO,: Ag films with different dopant.
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4. Conclusion

Undoped and Ag-doped TiO; thin films were prepared using the CSP method on a glass
slide at 450°C. XRD AFM and UV-VIS spectrophotometer techniques characterized all thin films.
From XRD results, the rystallite size of TiO,: Ag increased slightly compared with TiO,. AFM
studies estimated that the average particle size measurement of the TiO, surface is 76.82nm and
decreases with Ag 3% doping to arrive at 55.43nm. SEM images depict the surfaces of TiO, films,
revealing evident surface transformation characterized by uniform spherical nano-grains following
Ag doping. The optical research showed that the energy gap of TiO, films has a substantial
influence on the properties of the films, and it was discovered that the bandgap of TiO- can be vast
and decrease with increasing doping. Increased Ag doping reduces Eg, n, and k values for all films
(k). NH3 gas sensor displayed heightened resistance at 250 ppm, suggesting sensitivity. TiO, at 4%
Ag demonstrated the maximum resistance. Sensitivity decreases with higher Ag doping for NH;
gas.
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