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Abstract: In this study, RF magnetron sputtering was employed to deposit titanium dioxide (TiO₂) thin films doped 

with zirconium oxide (ZrO₂) (TZO) onto quartz and silicon substrates at 100°C to evaluate the effect of ZrO₂ doping 

on the microstructural, electrical, optical, and gas-sensing properties of the TiO₂ films. Different doping 

concentrations (0.0, 2.0 and 4.0 wt%) were used; film thickness ranged from 147 nm to 179 nm. Structural and 

surface-morphology characterizations of the prepared films were carried out using X-ray diffraction (XRD) and 

atomic force microscopy (AFM). The surface morphology of the prepared TZO films showed a gradual reduction in 

grain size as the doping concentration increased. The optical properties exhibited an increase in the optical band 

gap with the increasing ZrO₂ concentration. Hall measurements confirmed n-type conductivity for the TiO₂ films. 

Gas-sensing experiments revealed that the sensitivity of the TZO films for ethanol vapor detection increased with 

ZrO₂ concentration. Therefore, a TZO film with 4.0 wt% ZrO₂ may serve as an effective ethanol-vapor sensor. 

Keywords: Zirconium oxide, Titanium dioxide, RF sputtering, Thin film, Sensitivity, Sensor, Ethanol vapour. 

 

1. INTRODUCTION 

Titanium dioxide (TiO2) is a wide-band-gap 

semiconductor with notable properties. TiO₂ has  

a high refractive index, is non-toxic, and exhibits 

high chemical stability over a wide pH range and 

in various solvents [1]. TiO₂ is typically an n-type 

semiconductor due to oxygen vacancies and is 

widely used in many applications, including the 

food and pharmaceuticalindustries, photocatalysis, 

and hydrogen production; it is also suitable as a 

functional material for fuel cells, optical coatings, 

and solar cells [2]. Additionally, TiO2 can be used 

as a substrate in gas sensors because of its 

chemical and thermal stability. Incorporation of 

selected elements into TiO2 often improves its 

gas-sensing activity [3]. TiO2 shows good sensing 

characteristics toward H2, CO and ethanol [4, 5]. 

TiO2 exists in several crystalline forms: anatase 

(tetragonal), rutile (tetragonal), and brookite 

(orthorhombic) [6]. At elevated temperatures, 

anatase commonly transforms to rutile [7]. The 

anatase phase is widely recognized as the most 

efficient photocatalyst because of its favorable 

electronic band structure and relatively slow 

recombination of photogenerated electron-hole 

pairs. Anatase has a larger band gap (~3.2 eV) 

than rutile (~3.0 eV), that making it more active 

under UV light [8, 9]. 

Several techniques have been used to synthesize 

TiO2 films, including electron-beam evaporation, 

liquid deposition, RF and DC sputtering, sol–gel 

and pulsed laser deposition [10–15]. The properties 

of TiO2 films depend not only on deposition 

conditions but also on the preparation method 

[16]. TiO2 has been modified by doping with  

N, Ag, P, and photosensitive dye molecules (e.g., 

porphyrins) [17–20], and by combining with other 

semiconductors such as ZnO [21], CeO2 [22], 

SnO2 [23], or ZrO2 to improve specific surface 

area, photocatalytic activity, or reduce free-radical 

generation [24]. The aim of this research is to 

control the optical and structural properties of thin 

films deposited by RF sputtering (argon atmosphere, 

fixed substrate temperature) by varying ZrO₂ content. 

Among metal oxides, zirconium oxide (ZrO₂) 

exhibits high hardness and mechanical strength, a 

large band gap, high corrosion resistance, a high 

melting point, high refractive index, low thermal 

conductivity, and good oxygen-ion conductivity 

[25–27]. ZrO2 can generate oxygen vacancies and 

has been described in some works as showing  

p-type behavior. Applications include thermal-

barrier coatings, gas sensors, heat resistance in 

high-temperature furnaces, solar cells, biosensors, 

and oxygen sensors [28]. Because TiO2 and ZrO2 

have similar physical and chemical properties, 

combining them can produce materials with 
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improved chemical stability, electrical and photo-

catalytic properties not achievable with a single 

oxide. TiO2–ZrO2 binary oxide coatings have been 

applied to electrochemical storage, antibacterial 

agents, gas sensing, and photocatalysis [29]. 

Binary metal-oxide coatings also tend to exhibit 

increased porosity and specific surface area, 

which can assist charge transport and inhibit 

recombination. The sol–gel technique has often 

been used to deposit such binary coatings [26], 

although other methods are also reported [30]. 

Magnetron sputtering has been less explored for 

TiO₂–ZrO₂ binary films despite its capability to 

produce dense, homogeneous coatings at nanometer 

scale when parameters (base pressure, purity, 

substrate temperature, deposition time, etc.) are 

optimized [31]. For example, MgO-doped TiO2 

films have been prepared by confocal sputtering 

and evaluated for gas sensing [32]. 

The researchers investigated the structural, 

morphological, and optical properties of the films 

and their gas sensor performance. Gas sensing 

measurements were performed at 300°C using 

methane gas, and the sensitivity and response/ 

recovery time of the gas sensors were evaluated at 

1000 ppm. The study found that the MgO doped 

TiO2 sensor showed high sensitivity and short 

response/recovery time indicating an improvement 

in electrical and gas sensing performance. 

There is growing demand for real-time, high-

performance semiconductor gas sensors in industry. 

A binary oxide coating would form the core of a 

gas sensor. However, proportions of the oxide 

materials in the binary coatings and its gas sensing 

mechanism are still needed to be studied. Today, 

human activities driven by the increase in global 

industrial processes produce toxic chemicals, including 

toxic gases and volatile organic compounds (VOCs), 

which are among the main worldwide environmental 

issuesEthanol is an important volatile organic 

compound (VOC) widely used across industries 

such as beverages and fuel processing [33]. This 

work focuses on TiO₂ thin films. Therefore, this 

work was focused on TiO2 thin films prepared by 

RF magnetron sputtering and evaluates the effect 

of ZrO2 doping (0–4 wt%) on grain size, structure, 

and ethanol sensing at room temperature. 

2. EXPERIMENTAL PROCEDURES 

2.1. Materials 

TiO2 powder (99.99% purity) was used to fabricate 

targets for deposition. ZrO2 powder (99.99% purity) 

was mixed with TiO2 powder to prepare composite 

targets with 0 wt%, 2 wt% and 4 wt% ZrO2. 

Pellets were prepared by compressing 30 g of 

powder under 10-ton compression at 80°C. For 

doped targets, the total mass was 30 g with the 

appropriate TiO2:ZrO2 ratios (98:2 and 96:4 for 

2% and 4% TZO, respectively). The pellets measured 

50 mm in height and 50 mm in diameter. 

2.2. Procedure for Coating Deposition 

TZO thin films were deposited by RF magnetron 

sputtering onto cleaned quartz and silicon substrates. 

Silicon substrates were used for electrical and 

gas-sensing characterization; quartz substrates 

were used for optical and microstructural studies. 

Substrates were ultrasonically cleaned in ethanol 

(99.99% purity) for 3 min at room temperature, 

rinsed several times with deionized water, then 

ultrasonically cleaned in deionized water for 5 min. 

Finally, argon gas was used to dry the substrates 

Quartz substrates measured 2.5 × 2.5 cm2. The  

RF magnetron sputtering chamber (stainless steel) 

had a diameter of 230 mm and height of 250 mm 

(Figure 1). All substrates were placed on a circular 

holder (100 mm diameter). Argon (99.999% purity) 

was the working gas; the target-to-substrate distance 

was approximately 50 mm. After loading and cleaning, 

the chamber was evacuated to a base pressure of 

5.5×10⁻5 mbar. Argon  

flow (30 sccm) was introduced and the chamber 

pressure adjusted to 5×10⁻3 mbar. RF power was 

set to 100 W and sputtering proceeded for 60 minutes 

with the substrate temperature maintained at 

100°C. Coatings were annealed in air at 500°C for 

2 h in a muffle furnace to achieve crystallization, 

consistent with previous studies [34]. 

 
Fig. 1. RF magnetron sputtering deposition setup used 

to prepare TiO2:ZrO2 (TZO) thin films 
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2.3. Coating Characteristion Methods 

Crystal structure was analyzed by X-ray diffraction 

(Shimadzu XRD-6000) in Bragg–Brentano geometry 

using Cu Kα radiation (40 kV, 30 mA). Scans were 

collected from 20° to 60° (2θ). Surface morphology 

was examined by atomic force microscopy (AFM, 

model A3000, Angstrom Advanced Lines, USA). 

Film thickness on glass substrates was measured 

by a Fizeau interferometer using a He–Ne laser  

(λ= 632.8 nm) and Equation (1): 

T= (λ/2)(Δx/x)                          (1) 

Where it is the thickness of thin films, λ: is the 

laser wavelength (632.8 nm), e.g (Δx= 7) is the dark 

fringes, and (x= 1.5) is the bright fringes. Sputtered 

thin films on glass substrate have a thickness of 

between (147.6-178.8) nm with different doping. 

where T is film thickness, λ is the laser wavelength 

(632.8 nm), Δx is the number of dark fringes and 

x is the number of bright fringes. Sputtered thin 

films on glass had thicknesses between 147.6 nm 

and 178.8 nm for different dopings. Optical properties 

were measured with a UV–Vis spectrophotometer 

(Shimadzu 3600) in the 300–900 nm spectral range. 

Absorbance and band-gap calculations follow 

methods described by the authors previously [32]. 

Electrical properties (sheet resistance, carrier type 

and mobility) were measured using the van der 

Pauw method with an HMS-3000 Hall effect 

measurement system, a Keithley 220 current 

source and a Keithley 195 A digital multimeter. 

Overall sheet resistance was also confirmed using 

a Keithley 2636 System SourceMeter® [32]. 

2.4. Ethanol Gas Sensing Test Procedure 

Ethanol (C2H5OH) sensing properties of pure TiO2 

and TZO samples were evaluated using a custom 

test chamber (30 × 40 × 30 cm3) equipped with  

a rotary vacuum pump (EDM12, Edwards, UK) 

capable of 1.33×10⁻5 bar, and pressure and flow 

controllers. First, sensor resistance was measured 

in ambient air. Ethanol vapor was generated by 

heating liquid ethanol to 200°C and introduced 

into the chamber through a valve. A bias voltage 

of 3 V was applied between the sensor electrodes, 

and an ethanol concentration of 30 ppm was 

maintained at room temperature by a needle valve. 

Measurements were performed at ambient laboratory 

conditions (relative humidity ≈45 ± 5%). A planar 

interdigitated electrode configuration was used to 

increase the effective electrode area and improve 

sensitivity. Resistance variation was recorded using 

a digital multimeter interfaced to a computer. Dry 

air was supplied via a flow meter and needle valve 

to ensure stable flow. After opening the gas inlet, 

the sensor resistance in gas (Rg) was allowed to 

stabilize; then the chamber was purged and resistance 

recovery in air (Ra) was recorded. Figure 2 shows 

a schematic of the gas-sensor testing system. 

Sensor sensitivity (S) was defined as the normalized 

change in resistance per concentration and computed 

using Equation (2) [35, 36]: 

where Cg is gas concentration. 

S= [(Ra/Rg)×100%]/C                    (2) 

 
Fig. 2. Ethanol gas sensor testing system 

3. RESULTS AND DISCUSSION 

3.1. Crystalline Structure 

Figure 3 shows XRD patterns of pure TiO2 films 

and TZO films deposited on Si(100) at 100°C 

with 0.0, 2.0 and 4.0 wt% ZrO2. As reported  

in [37], as-deposited (unannealed) TiO2 exhibited  

an amorphous phase. After annealing at 500°C, 

TiO2 films showed polycrystalline anatase phase 

(JCPDS 21-1272) with peaks at 25.25°, 37.8° and 

48.05°, corresponding to the (101), (004) and 

(200) planes, respectively [38]. Sharp peaks in the 

pure TiO2 film indicate high crystallinity and 

purity. The TZO films exhibited the same anatase 

diffraction peaks but with reduced intensity, possibly 

due to ZrO2 incorporation into the TiO2 lattice 

[39]. Doped TZO films also show weak peaks at 

30.5° and 50.9° attributed to the (111) and (220) 

anatase planes (JCPDS 37-1484); the intensities 

of these peaks decreased with increasing ZrO2 

concentration. Peak intensities of TZO (2.0 wt% 

and 4.0 wt%) diminished as crystal size decreased 

to the nanometric scale, and peak broadening 

increased relative to pure TiO2. Peak width correlated 

inversely with nanocrystalline domain size [40, 41]. 

These effects can be attributed to substitution of 

smaller Ti⁴⁺ ions (0.064 nm) by larger Zr⁴⁺ ions 

(0.087 nm), causing lattice distortion in anatase 

TiO2 [39, 42]. Mean crystalline domain size (D) 

was estimated using the Scherrer equation [43]: 

D= 
Kλ

β cosθ
                              (3) 
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where λ is the X-ray wavelength, β is the full 

width at half maximum (FWHM) in radians after 

instrumental broadening correction, K= 0.9, and 

θ is the Bragg angle. 

3.2. Surface Characteristics and Grain-Size 

Determination 

Figure 4 shows 3D AFM images of TZO thin films 

deposited on glass at 0.0, 2.0 and 4.0 wt% ZrO2.  

          
(a)                                        (b) 

Fig. 3. XRD patterns of a) unannealed pure TiO2 and b) TZO films with different ZrO2 dopings annealed at 500°C 

Table 1. Average grain size and roughness for TiO2:ZrO2 films on glass substrates 

Coating name ZrO2 doping concentration (wt.%) Average roughness grain size (nm) (nm) 

TiO2 (pure) 0.0 99.3 ± 21 (nm) 1.1 

TZO 2% 2.0 82.72 ± 17(nm) 5.37 

TZO 4% 4.0 66.1 ± 11 (nm) 6.13 

     
(a)                                  (b) 

 
(c) 

Fig. 4. 3D AFM images of a) TiO2 (pure), b) TiO2:ZrO2 (2.0 wt%) and c) TiO2:ZrO2 (4.0 wt%) annealed at 500°C 
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The surfaces of annealed TiO2 and TiO2:ZrO2 films 

were smooth and crack-free over large areas. Grain 

size of TiO2 nanoparticles decreased after adding 

ZrO2 [44]. Table 1 shows that TiO2 doped with 

ZrO2 had smaller average grain size than pure 

TiO2; the grain size decreased with increasing 

ZrO2 concentration. This trend is attributed to the 

formation of larger clusters by grain aggregation 

being suppressed, resulting in finer grains [45, 46]. 

Smaller grain size increases specific surface area 

and thus enhances gas-sensing performance [40]. 

3.3. Optical Properties 

Figure 5 shows optical transmittance of TiO2 and 

TZO films on quartz substrates in the 300–900 nm 

range. All films exhibited high transparency above 

400 nm. The pure TiO2 film had transmittance 

>75% in the visible region, whereas the 4.0 wt% 

TZO film showed lower transmittance (~33%). 

Between ~350 nm and 700 nm, clear differences 

in transmittance reflect the effect of ZrO2 addition. 

Transmittance is also inversely related to film 

thickness and to changes in crystalline structure, 

where increased atomic density can raise absorbance 

and decrease transmittance [47]. 

 
Fig. 5. Transmittance of TiO2:ZrO2 films as a function 

of ZrO2 concentration 

To measurement the thickness of deposited thin 

films by RF magnetron sputtering on the glass 

substrate by interferometer principle with He-Ne 

laser (632.8 nm). This process begins by directing 

laser beam (He-Ne) through a lens (F= -10) to 

expand the beam, the light of laser falls at 45 ° 
onto the deposited films. Due to light reflecting 

off both the top and bottom of thin film surface, 

when wave interference occurs, the bright and 

dark fringes appear. Determine the width of dark 

(Δx), and bright (x) fringes, by using equation (1) 

to calculated thickness of thin films. Table 2. 

Show the thin films thickness for TiO2(pure), and 

TiO2:ZrO2 films deposited on glass substrate. 

The direct optical band gap was estimated by 

plotting (αhν)2 versus photon energy (hν) and 

extrapolating the linear portion of the absorption 

edge [48, 49]. With increasing ZrO2 concentration, 

the band gap of doped TZO films increased 

slightly up to ~3.4 eV (Figure 6), compared with 

undoped TiO2; this increase is attributed to the 

presence of ZrO2 and smaller grain size. The Tauc 

relation for direct transitions was used: 

(Αhν)2= A(hν-Eg)                       (4) 

where α is the absorption coefficient, h is Planck’s 

constant, A is a constant and Eg is the optical band 

gap [50, 51]. 

Therefore, it is clear that optical band gaps shifted 

towards longer wavelengths for the samples with 

increasing amount of ZrO2 concentration. The 

TiO2 materials are excited producing photo generated 

electrons and holes. Zirconia, with a larger band 

gap, is poorly activated but electrons from its valence 

band can be transferred to the valence band of 

TiO2 as the energy levels are close to lower band 

gap [36, 37]. It should be acknowledged that the 

even though the band gap energies increased with 

the increasing concentration of ZrO2 doping. This 

behaviour can be attributed to the state under 

Fermi level was occupied by electron, and at 

heavily doped Fermi level will enter the conduction 

band [52, 53]. In addition, the energy band gap of 

sample can affect by the impurities, disorder at the 

grain boundaries, stoichiometry and other defects, 

that which increase the optical band gap with the 

decrease of particle size. The presence of defects 

in the nanostructure thin films produces discrete 

states in the band structure [54]. 

3.4. Electrical Properties 

Figure 7 shows the dependence of electrical resistivity 

and carrier mobility on ZrO2 concentration for 

TiO2:ZrO2 films. The electrical resistivity decreased 

from 1.2×107 Ω·cm (pure TiO2) to 7.93×104 Ω·cm 

at 4.0 wt% ZrO2. 

Table 2. Thickness for TiO2:ZrO2 films deposited on glass substrate 

Coating name ΔX (mm) X (mm) Thickness (T) (nm) 

TiO2 (pure) 0.7 1.5 147.6 

TZO 2% 1.1 2.1 165.7 

TZO 4% 1.3 2.3 178.8 
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(a)                                      (b) 

 
(c) 

Fig. 6. The optical band gap of a) TiO₂ (pure) b) TiO2:ZrO2 (2.0 wt.%) and c) TiO2:ZrO2 (4.0 wt.%) annealed at 500°C 

This decrease may be due to increased carrier 

concentration as extrinsic ZrO2 substitution donates 

electrons to the TiO2 host lattice [55]. Carrier 

mobility increased from 1.66 cm2V⁻1s⁻1 (pure) to 

46.7 cm2V⁻1s⁻1 (2.0 wt%) and 736.2 cm2V⁻1s⁻1 

(4.0 wt%). Hall measurements indicate n-type 

conductivity [54]. Exposure of TiO2:ZrO2 sensors 

to ethanol vapor produced a larger decrease in 

resistance than for pure TiO2 sensors. Electrical 

resistivity correlated.  

 
Fig. 7. Resistivity and mobility of TiO2:ZrO2 films as 

a function of ZrO2 doping 

As can also be seen in this figure, the electrical 

resistivity is inversely proportional to the carrier 

mobility, with the pure TiO2 films having the 

highest resistivity as a result of low carrier 

concentration. Through doping, host TiO2 sites 

were substituted by extrinsic ZrO2, which provided 

an extra electron, thereby increasing the carrier 

concentration [55]. 

3.5. Gas Sensitivity of TiO2 and TZO Thin 

Films 

The sensing mechanism for ethanol (C2H5OH) 

involves adsorption and reaction of oxygen species 

on the film surface, which alters the film resistance. 

Adsorbed oxygen captures electrons from the 

conduction band to form ionic oxygen species; 

subsequent reaction with reducing gases (ethanol) 

releases electrons back, changing resistance. The 

resistance changes in the n-type such as, TiO2, and 

TZO gas sensors at exposure to the reducing gas 

such as ethanol. The adsorption of oxygen molecules 

after their ionization causes a hole accumulation 

on the material's surface, lowering the resistance 

of the gas sensor [45]. Controlling particle size is 

critical because sensing reactions occur primarily 

at the surface; nanosized grains provide higher 

specific surface area and more active sites. The 

maximum sensitivity of pure TiO2 in this study 

was ~5.11%/ppm (Figure 8 Sensitivity increased from 

5.38%/ppm to 5.83%/ppm as ZrO2 concentration 

increased from 2.0 wt% to 4.0 wt%. The films 

here achieved notable sensitivity at room temperature 
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compared to similar coatings prepared by inkjet 

printing that operate between 400–450°C [34]. 

The improvement in sensitivity with ZrO2 doping 

is attributable to reduced particle size (82.7 nm → 

66.1 nm), i.e., increased specific surface area  

and a higher number of adsorption sites [40]. In 

air, adsorbed oxygen forms O⁻ species that react 

with ethanol molecules, leading to increased surface 

electron concentration and improved sensing 

performance. The composite TiO2–ZrO2 sensor 

exhibits a smaller grain morphology and more 

oxygen-deficient sites compared to pure TiO2. 

An increased optical band gap with ZrO2 doping 

may also correlate with enhanced sensing via 

grain-size reduction and increased surface area 

[40]. Because film thickness varied only slightly 

(147.6–178.8 nm), thickness is not expected to be 

a dominant factor in the observed sensing differences. 

 
Fig. 8. Sensitivity of TiO2:ZrO2 films as a gas sensor 

at different doping 

Response time (time to reach 90% of the maximum 

change in resistance after gas exposure) decreased 

from 85 s (pure TiO2) to 45 s (4.0 wt% ZrO2) at 

room temperature (Figure 9). Increased doping 

likely increases the availability of adsorption sites 

and accelerates reaction kinetics, resulting in 

faster responses. This could be explained by the 

rise in doping quantity increasing the availability 

of unoccupied sites on the thin films for gas 

adsorption. Therefore, with 4.0 wt.% ZrO2 doping 

the TZO film can detect ethanol within a short 

period of time. 

Although RF-sputtered binary TZO coatings show 

promising ethanol sensing, further work is required 

before practical deployment. Future studies should 

investigate: time-series sensor response, sensor 

response versus ethanol concentration (sensitivity 

curve), selectivity against other gases, dependence 

on coating thickness, long-term stability, and gas 

adsorption analysis (e.g., BET) to quantify specific 

surface area. 

 
Fig. 9. Response time for TiO2:ZrO2 thin films at 

different dopings 

4. CONCLUSSIONS 

The structural, morphological, optical and electrical 

properties of RF magnetron-sputtered TiO2 films 

doped with 0, 2 and 4 wt% ZrO2 were examined. 

XRD confirmed a polycrystalline anatase structure 

and the appearance of additional peaks after doping, 

indicating ZrO2 incorporation. Average grain size 

decreased by ~16.6 nm and ~33.2 nm for 2.0 wt% 

and 4.0 wt% ZrO2, respectively. Electrical resistivity 

decreased and carrier mobility increased with 

ZrO2 content. The TiO2:ZrO2 films with 4.0 wt% 

ZrO2 achieved the highest sensitivity (~5.83%/ppm) 

and the shortest response time (~45 s) for ethanol 

detection at room temperature. Thus, TZO films 

with 4 wt% ZrO2 are promising candidates for 

ethanol-vapor sensing. 
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