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1. Introduction

Semiconductor metal oxides have garnered significant attention in various fields of materials
science and chemistry due to their exceptional magnetic, optical, and electrical properties'. The
most metal elements can form a large diversity of oxide compounds®, multiple metal oxide
semiconductors, the one that has attracted further attention is chromium oxide (Cr,0O3) because
of its diversity of functions in its nano scaled structure, Cr,O3 has a p-type semiconducting
nature, overage oxygen, and high magnitude refractive index with wide optical bandgap energy
(~3eV) due to strong electronic delocalization is coupled with vibrations of the local
environment, these properties made this kind of p-type metal oxide semiconductors good
candidates for several applications as optical storage system and gas sensors®*. In this field,
titanium dioxide (TiO;) has been the most favored material for gas sensor devices, due to its low
resistivity > °.
The typical behavior of gas sensors can be explained through key principles of gas detection
mechanisms, including adsorption, chemical reactions, and changes in physical properties. For
instance, in semiconductor gas sensors, gas molecules adsorb onto the sensor's surface, altering
its electrical conductivity. This change is then measured to determine the concentration of the
gas. Understanding these fundamental physical principles is essential for designing sensors that
can perform optimally " . In summary, an ideal gas sensor integrates high selectivity, sensitivity,
quick response, stability, accuracy, reproducibility, linearity, low power consumption,
robustness, cost-effectiveness, ease of calibration, and compact size for reliable and efficient gas
detection In addition to Cr,O3 and TiO, metal oxides there are several kinds which were essential
materials that could be important for gas sensing thin films such as NiO, V,03, M0O3;, WOs3,
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GeO,, Co0304, Fe 03, NdyO3, In;03, NbyOs, SrO, CuO, TiO2 and ZnO by estimating their
resistance changing as a result of the adsorption of gas species on the thin film surface®**.
Porous silicon is the most wealthy and prosperous in the manufacturing of gas sensor devices.
The interaction between surface area and gas molecules could cause an increase in selectivity for
various gases and high sensitivity *°. The optical energy gap magnitude (Eg) for pure and
doped thin films Cr,0s thin films on a glass substrate has been measured by using Equation 1*:
ahv = Z[hv — Eg]" (1)
where (o) symbolizes the absorption coefficient, (hv) indecates the photon’s energy (eV), (2)
is the constant and exponent n=0.5 for direct allowed transition, (Eg) represents the optical
energy gap (eV). The sensor response (S%) for as-deposited thin films was measured by using
Equation 2%
Rg—Rg

Sensitivity %(S) = (“2=%) x 100 )

Where R, and Ry are the thin film electrical resistance in air and in the presence of gas,
respectively. Another gas sensor parameter is response time, which represents the time interval
during which the sensor is exposed to the targeted gas and reaches 90% of the entire reading for
the resistance variation. The recovery time signifies the time when the sensor resistance declines
to 10% upon cessation of exposure to the gas.*®

Hydrogen sulfide (H,S) is a dangerous, colorless gas, and it is a corrosive, harmful, toxic, and
sharp-smelling gas with a bad odor, fundamentally released by the production of biogas,
purification of sewage, and the refineries of petrol®*%. For this reason, gas sensors with high
sensitivity are manufactured to detect it.

Pulsed laser ablation in liquid (PLAL) is one of the important and common technique which is
employed to synthesize nano-particles (NPs) assembled in a form of high purity colloidal
solution in short reaction time with absent of by-products and lack of necessity multistep
procedures and vacuum, high temperature neither using explosive nor toxic chemical reactants,
these properties make PLAL chemically clean, inexpensive, green and simple operation for
industrial application of nano-particles®.

This study investigates the effects of TiO,-doped Cr,O3 thin films, deposited using ablated
nanoparticles through the pulsed laser ablation technique, and examines their optical and gas
sensing characteristics when exposed to reduced hydrogen sulfide (H,S) gas.

2.Materials and Methods

Pulse laser ablation in liquid (PLAL) was employed to ablate the nano-particles (NPs) of the
chromium trioxide (Cr,O3) and titanium dioxide (TiO) , Firstly, A powders with purity of
(99.999%) were provided by the companies (Sigma —Aldrich, China) and (Central Drug House,
India) were scaled at 7g and 2g of Cr,O3 and TiO; respectively, and then, they were compressed
under a pressure of 12 Tons via hydraulic compressed for 24 hours as a duration to make pellets
with a diameter of 1.7cm, The pellet was localized at the base of a glass vessel with 20ml of
deionized water also Nd:YAG pulsed laser type (Huafei) with 1064nm wavelength was used to
radiate the pellets with 500 pulses of laser energy 600mJ, pulse frequency 8Hz, to focus the laser
beam a 10cm focal length converging lens was used to make a laser spot on the target surface
with a diameter of 2.3mm, a colloidal solution was synthesized after the ablation process
continues with rotating the vessel, the pure and doped thin films with ratios (0.2, 0.4 , 0.6, 0.8)%
of TiO, was deposited by drop-casting method on a glass and n-type porous silicon substrate
with dimensions of (1.5><1.5)cm2 at 400°C, the effect of heating evaporates the liquid to form the
thin films with thickness of (200 + 20) nm which is determined by cross-section method using
field emitting scanning electron microscopy (FE-SEM) type (TESCAN MIRA3, Czechia).
Optical and sensitivity characteristics were identified for pure and doped Cr,O3 films with ratio
(0.2, 0.4, 0.6, 0.8)% of TiO,, UV-Vi Spectrophotometer (Lambda 365) from (Perkin Elmer) was
used to investigate the optical properties of thin film were the wavelength range of optical
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absorbance spectrum 300nm-1100nm was indicated at room temperature The measurements of
gas-sensing which comprises thin film resistance variation in the presence of 400ppm
concentration of H,S gas, sensitivity, responsivity and recovery times of the samples were
have discussed and calculated.

3.Results

3.1. Absorption Coefficient and Optical Energy Gap

The Absorption coefficient was calculated by the formula:

o =2303% 3)
Where (A) and (t) are the optical absorbance and the thin film thickness, respectively %.

Figure 1 gives the variation of the optical absorption coefficient as a function of wavelength
with a thickness of (200 + 20) nm and a concentration ratio of (0.2, 0.4, 0.6, 0.8)% deposited
on a glass substrate at room temperature. It could be concluded that all prepared films exhibited
high absorption coefficient values (>10* cm™?) in the short-wavelength region, indicating that the
absorption edge lies in the ultraviolet range. Additionally, the absorption coefficient values
decreased with increasing wavelength. The doped samples showed increased absorption
coefficient values with higher doping concentrations. The highest absorption coefficient value
was recorded for the 0.6% TiO,-doped sample, reaching 12.59x10* cm-! at 302nm wavelength.
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Figure 1. The optical absorption coefficient spectra for pure and TiO, doped Cr,O5 thin films.

The optical band gap energy of pure and doped Cr,O3 thin films, determined by Tauc's Equation
1, where n=0.5 for the allowed direct transition, when plotting (ahv)? against the photon energy
(hv) in x-axis, which clarifies that the energy band gap could be indicated by the intersection of
the curve straight portion with the axis at a=0. Figure 2 shows the energy gap, which was (3.95
eV) for pure Cr,0O3 thin film. The energy gap was progressively decreased from (3.83 eV) at a
concentration ratio of (0.2%) TiO, dopant, to (3.71 eV) at a concentration ratio of (0.8%) TiO,
dopant. Consequently, a shift of the absorption spectrum to the visible domain was observed.
The calculated values of the energy band gap are listed in Table 1.
Table 1. Optical band gaps (Eg)

Sample Energy Gap (eV)
Cr,04 3.95
Cr,03: (0.2%)TiO; 3.83
Cr,03: (0.4%)TiO, 3.75
Cr,03: (0.6%)TiO, 3.73
Cr,03: (0.8%)TiO, 3.71
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Figure 2. Optical energy gap for Cr,0O3: TiO; thin films at different ratios of TiO..

3.2. Gas Sensor Characteristics

An ideal graph for a gas sensor illustrates the connection between the sensor's response (output
signal) and the concentration of the target gas. A Cr,O3: TiO,/PSi heterojunction for a gas sensor
device was synthesized with a concentration ratio of TiO, dopant (0.2, 0.4, 0.6, 0.8) %. The
sensor response was detected when exposed to 400 ppm of reduced hydrogen sulfide (H,S) gas
at various temperatures (25, 100, and 150) °C. Thin film resistance was increased with time
under reducing gas.

Figures 3 and Table 2 illustrate that the sensitivity varied within the same sample as the
operation temperature changed. Generally, sensitivity increased with a higher concentration ratio
of TiO,. The maximum sensitivity of 166.24% was recorded for the sample with a 0.6% TiO,
ratio at 100°C, while a sensitivity of 120.67% was observed for the 0.4% TiO, sample at room
temperature. In contrast, the 0.8% TiO, sample exhibited unusual behavior; it showed no
sensitivity to H,S gas at room temperature but demonstrated a high sensitivity of 103.49% at
150°C. Additionally, the response time increased in the samples with 0.2% and 0.4% TiO, but
decreased in the 0.8% TiO, sample, which recorded the shortest response time of 9 seconds at
both 100°C and 150°C. The 0.6% TiO,-doped Cr,Oj3 thin film displayed enhanced sensitivity to
hydrogen sulfide (H,S) gas, making it an excellent candidate for gas sensing applications that
aim to detect H,S and monitor toxic gases in both environmental and industrial settings.
Furthermore, the 0.8% TiO,-doped sample had the shortest response time of 9 seconds. Figure 4

summarizes the variation of sensitivity against H,S gas at different ratios of TiO,.
Table 2. The gas sensor properties

Sample Operating Temp.(°C) Sensitivity (%)  Response Time (s) Recovery Time (s)
RT 30.57 14.4 75.6
Cr,0,4/PSi 100 34.64 324 61.2
150 37.86 17.1 52.2
RT 30.76 18 70.2
Cr,05:(0.2%) TiO,/PSi 100 27.08 25.2 63
150 30.01 16.2 55.8
RT 120.67 23.4 90
Cr,05:(0.4%)TiO,/PSi 100 3.66 22.5 45.9
150 2.04 24.3 45
RT 4.03 28.8 87.3
Cr,05:(0.6%) TiO,/PSi 100 166.24 20.7 89.1
150 37.26 15.3 54
100 87.88 9 78.3
Cr,05:(0.8%)TiO,/PSi 150 103.49 9 60.3
200 33.87 16.2 52.2
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Figure 3. The variation of resistance as a function of time at different operation temperatures for Cr,05: TiO,/Psi
heterojunctions with different doping ratios. a. Cr,03 /Psi, b.Cr,03:0.2% TiO,/Psi, ¢.Cr,03: 0.4% TiO,/Psi,
d.Cr,05:0.6% TiO,/Psi, e. Cr,04:0.8% TiO,/PSi
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Figure 3. Variation of sensitivity against H,S gas at a different ratio of TiO,

4.Discussion

The results indicate the importance of doping by TiO, in enhancing the Cr,O3 thin films
optical and gas sensor properties, the UV-Vis spectrometer findings showed a decrease in optical
energy gap this result is in good agreement with many studies reported abroad for optical band
gaps of thin films prepared by different techniques® ', this decrease can be attributed to the
incorporation of small amounts of TiO,, with Cr,O3, leads to a re-arrangement of valence and
conduction band energy levels, thereby reducing the value of band gap®® . High absorption
coefficients has been observed in UV region of electromagnetic waves, which agrees with the
study®, make these films particularly suitable for optoelectronic applications requiring strong UV
absorption®.
The gas sensor findings reveals that all thin film showed an increase in resistance when exposed
to the target gas which was ideal acting for a p-type semiconductor, where the electrons from the
oxygen ion adsorption process were returned to the valence band, and then the recombination
operation with the holes happened, it would cause a reduction in holes then the resistance is
increased as a result of decreasing the conductivity®:. The high sensitivity at different operation
temperatures might be caused bgr the heterojunction’s synergistic effect when the gas molecules
react with the junction materials™.

5.Conclusion

In conclusion, pure Cr,0O3 and TiO,-doped Cr,Oz; nanostructures were produced using
effective, simple, and cost-effective methods, specifically pulsed laser ablation in liquid (PLAL)
and drop-casting techniques. Under these conditions, all samples exhibited a direct transition in
their optical energy band gap. The pure chromium thin film had a band gap of 3.95 eV, which
decreased to 3.71 eV with a 0.8% TiO, doping ratio. The Cr,03:(0.6)TiO,/Psi heterojunctions
demonstrated increased sensitivity, achieving a response of 166.24% when exposed to hydrogen
sulfide (H,S) gas at an operating temperature of 100°C. This makes it an excellent candidate for
gas sensing applications aimed at detecting H,S and other toxic gases in both environmental and
industrial settings. Additionally, the sample doped with 0.8% TiO, recorded the shortest response
time, which was just 9 seconds.
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