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Abstract:  

In this study, screen-printed yttrium oxide (Y₂O₃) thick films were fabricated and annealed at three 

different temperatures, namely 100 °C, 200 °C, and 300 °C, for 3 hours in a closed muffle furnace to 

investigate the influence of annealing temperature on their thickness and electrical properties. The film 

thickness was measured using the mass difference method, while electrical resistivity was evaluated by 

the half-bridge technique. The results revealed that both thickness and resistivity of the films decreased 

with increasing annealing temperature, indicating enhanced densification and improved charge 

transport. The thickness of the films was found to reduce from 26 µm to 18 µm as the annealing 

temperature increased, while the resistivity decreased from 169435.2 Ω·m at 100 °C to 93013.4 Ω·m at 

300 °C. The temperature coefficient of resistance (TCR) was also calculated and found to be -0.00343, 

-0.00217, and -0.00208 /°C for films annealed at 100, 200, and 300 °C, respectively, demonstrating a 

negative TCR characteristic. These findings confirm that annealing temperature has a significant 

impact on the structural densification and electrical performance of Y₂O₃ thick films, making it a 

crucial parameter for optimizing their functional properties for electronic applications. 
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1. INTRODUCTION  

 Recent advancements in metal oxides have greatly expanded their role in energy, catalysis, sensing, 

electronics, and biomedical applications due to their tunable structural, electrical, and optical properties [1, 

2]. In energy storage, oxides such as MnO₂, Co₃O₄, NiO, and mixed systems are widely used in 

supercapacitors and batteries for their high capacitance and redox activity, with binary/ternary oxides and 

doped nanostructures showing improved stability and performance. In catalysis and photocatalysis, TiO₂, 

ZnO, CeO₂, and WO₃ are applied in water splitting, CO₂ reduction, and pollutant degradation, with recent 

progress in bandgap engineering, surface modification, and coupling with graphene materials enhancing their 

activity [3, 4]. For gas sensing, nanostructured SnO₂, In₂O₃, and Fe₂O₃ exhibit excellent sensitivity, selectivity, 

and fast response times, aided by morphology control and noble metal functionalization. In electronics, high-

κ dielectric oxides such as HfO₂, Y₂O₃, and Al₂O₃ are key in advanced transistors, memory devices, and 

insulating layers, while transparent conducting oxides like ITO and doped ZnO are crucial in solar cells, 

displays, and LEDs [4-6]. Biocompatible oxides including TiO₂ and ZrO₂ are applied in implants, drug 

delivery, and antibacterial coatings. The Y₂O₃ has gained attention for its excellent thermal stability, wide 

bandgap, and high dielectric constant, making it useful in gate dielectrics, protective coatings, and sensing 

applications [6-8].  

 Annealing temperature plays a vital role in tuning the structural, morphological, optical, and electrical 

properties of metal oxide materials, which directly impacts their performance in applications such as sensors, 

catalysts, dielectrics, supercapacitors, and photocatalysts [9, 10]. At low temperatures, films often remain 

amorphous, porous, and resistive due to residual organics and defects, while higher annealing promotes 

crystallinity, grain growth, and densification, thereby reducing thickness, enhancing conductivity, and 
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improving stability. For example, TiO₂ and ZnO show improved phase purity and optical properties with 

proper annealing, while Y₂O₃ thick films exhibit reduced resistivity and better grain connectivity [8-10]. 

However, excessive annealing can lead to abnormal grain growth, cracking, or loss of oxygen vacancies, 

which may degrade electrical performance. Optimized annealing also enhances device-specific properties 

such as gas sensitivity in SnO₂ sensors, dielectric constant in Y₂O₃ films, optical transmittance in ITO, and 

photocatalytic efficiency in TiO₂ and CeO₂. The annealing temperature must be carefully controlled to balance 

densification, crystallinity, porosity, and defect chemistry, thereby ensuring high performance, stability, and 

reliability of metal oxide–based materials across diverse technological applications [10, 11].  

 Yttrium oxide (Y₂O₃) nanoparticles are an important class of rare-earth metal oxide nanomaterials that 

have attracted significant attention due to their unique structural, electrical, optical, and thermal properties, 

which make them suitable for a wide range of advanced technological applications [12, 13]. Y₂O₃ crystallizes 

in a cubic bixbyite structure and possesses a wide bandgap of about 5.5–5.8 eV, excellent thermal stability, 

and chemical inertness, which distinguish it from many other oxides. At the nanoscale, Y₂O₃ exhibits a high 

surface-to-volume ratio, tunable particle size, and controllable morphology, which enhance its reactivity and 

functional properties compared to bulk material. Several synthesis methods such as sol–gel, co-precipitation, 

hydrothermal, combustion, and thermal decomposition have been reported to prepare Y₂O₃ nanoparticles with 

uniform size distribution and controlled crystallinity. Their small particle size and high surface activity enable 

novel applications in optoelectronics, catalysis, sensing, and biomedical fields. Due to their high dielectric 

constant and low leakage current, Y₂O₃ nanoparticles are employed as high-κ gate dielectrics in 

microelectronics [14, 15]. Their thermal stability and chemical resistance also allow their use as protective 

coatings, refractory materials, and laser ceramics. In the biomedical domain, Y₂O₃ nanoparticles are being 

explored for drug delivery, bioimaging, and radiation therapy owing to their biocompatibility and unique 

luminescence properties when doped with rare-earth elements [15, 16]. Y₂O₃ nanoparticles have shown 

promise in photocatalysis and environmental remediation because of their ability to support charge transfer 

and surface reactions. Overall, the nanoscale engineering of Y₂O₃ not only enhances its intrinsic physical and 

chemical characteristics but also expands its utility in emerging fields such as energy storage, nanophotonics, 

and healthcare technologies [17]. 

 The aim of the present work is to investigate the influence of annealing temperature on the thickness 

and electrical properties of screen-printed yttrium oxide thick films. Specifically, the study focuses on 

understanding how varying annealing conditions modify the film thickness, resistivity, and temperature 

coefficient of resistance (TCR). By establishing the correlation between annealing temperature and the 

functional behavior of Y₂O₃ thick films, the work aims to optimize processing parameters for their potential 

applications in microelectronics, sensing devices, and other advanced technologies.  

  

2. MATERIALS AND METHODS 

 For the fabrication of Y₂O₃ thick films, commercially available AR-grade yttrium oxide nanoparticles 

were utilized due to their high purity. The films were prepared using the screen-printing technique, a versatile 

and widely adopted method for fabricating uniform thick films with controlled thickness and surface 

morphology. Glass substrates were selected as the base material owing to their smooth surface, chemical 

stability, and compatibility with high-temperature processing. To formulate a printable paste suitable for 

screen printing, a carefully optimized 70:30 ratio of inorganic to organic components was employed, where 

the inorganic phase consisted of Y₂O₃ nanoparticles, while the organic phase comprised a binder and solvents 

such as ethyl cellulose (EC) as the binder and butyl carbitol acetate (BCA) as the solvent. This ratio was 

chosen to achieve the required viscosity and thixotropic behavior of the paste, enabling smooth flow through 

the screen mesh while maintaining sufficient cohesion to prevent spreading after deposition. After the paste 

was prepared, it was uniformly printed onto the glass substrates using a stainless steel screen, ensuring 

consistent film coverage. The printed films were then dried under an infrared (IR) lamp for about 30–40 

minutes to evaporate excess solvent, promote binder solidification, and prevent the formation of cracks or 

pinholes in the film. The dried samples were subsequently subjected to thermal annealing in a closed muffle 

furnace at different temperatures - 100 °C, 200 °C, and 300 °C for a duration of 3 hours. This controlled 

thermal treatment step was crucial for the removal of organic residues, densification of the films, and 

modification of their microstructural and electrical properties, thereby enabling a systematic investigation of 

the role of annealing temperature in tuning the properties of Y₂O₃ thick films [18, 19].  
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 The thickness of the Y₂O₃ thick films was evaluated using the mass difference method (Eq. 1), which 

is a simple and effective approach to estimate the thickness of screen-printed films. In this method, the 

thickness is calculated from the difference in mass of the substrate before and after film deposition, 

considering the known density of the film material and the substrate area [19, 20].  

    Thickness (t) = M2−M1/ρ⋅A  (Eq. 1) 

Where, 

t = thickness of the film (µm), 

M2 = mass of the substrate with deposited film (g), 

M1 = mass of the bare substrate before deposition (g), 

ρ = density of the deposited material (g/cm³), 

A = area of the deposited film (cm²). 

 The electrical properties of the Y₂O₃ thick films were determined using the half-bridge method, which 

is a widely employed technique for evaluating the resistance. The schematic diagram shown in Fig. 1 

represents the half-bridge method employed for measuring the electrical properties of Y₂O₃ thick films. In 

this configuration, the Y₂O₃ thick film acts as one arm of the bridge, while a high precision reference resistor 

(Rref = 10 MΩ) is connected in series as the second arm. A regulated DC power supply of +30 V is applied 

across the circuit to provide the necessary bias voltage for current flow. The potential drop across the reference 

resistor is measured using a highly sensitive digital millivolt meter (mV) [19-21].  

 

 
Figure 1. Schematic diagram of half bridge method 

 

 The resistivity, TCR and activation energy of Y₂O₃ thick films were estimated using Eqs. 2, 3 and 4 

respectively [18-20].               
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Where,  

∆R = change in resistance between temperature T1 and T2,  
∆T = temperature difference between T1 and T2 and  

Ro = room temperature resistance of the film. 

          ΔE = Ae-Ea/kBT     eV                        (Eq. 4)              Where,  

ΔE = Activation energy,  

T = Temperature in Kelvin and  

A = Arrhenius prefactor. 

 

3. RESULT AND DISCUSSION 

 Figure 2(a) shows the variation of resistance with temperature for Y₂O₃ thick films annealed at 100, 

200, and 300 °C. In all three cases, resistance decreases monotonically with an increase in temperature, 

confirming the semiconducting nature of Y₂O₃. This negative temperature coefficient of resistance arises from 

thermally activated conduction, where more charge carriers are excited into the conduction band as 

temperature rises [18, 20]. At 300 K, the film annealed at 100 °C exhibits the highest resistance (~1.3 × 10¹⁰ 

Ω), followed by the 200 °C film (~1.2 × 10¹⁰ Ω), while the 300 °C film shows the lowest resistance (~1.0 × 

10¹⁰ Ω). This trend remains consistent across the entire temperature range, reflecting the systematic reduction 

in resistivity with increasing annealing temperature [20, 21].  

 

 
Figure 2. (a) Resistance versus temperature plot & (b) log Rc/inverse of temperature plot of Y₂O₃ thick  

films. 

  

It is also observed that, at higher temperatures (above ~450 K), all samples show a more rapid fall in 

resistance, which is attributed to enhanced thermal activation of carriers and improved intergranular 

conduction. This behavior indicates that annealing improves crystallinity and particle connectivity, reducing 

grain boundary barriers and thereby lowering overall resistance [21, 22].  

 Figure 2(b) presents the Arrhenius plots, i.e., log R versus 1/T, for the Y₂O₃ thick films. The linear 

behavior in both high-temperature (HTR) and low-temperature (LTR) regions indicates that conduction 

follows thermally activated Arrhenius-type transport. The slopes of these linear regions were used to estimate 

the activation energy values for charge conduction. The annealed samples show distinct slopes in the LTR 

and HTR regions, suggesting different conduction mechanisms dominating in each regime [18, 19]. For the 

film annealed at 100 °C, the activation energy was 0.0639 eV in the LTR and 0.0917 eV in the HTR. For the 

200 °C film, these values were 0.0291 eV (LTR) and 0.1393 eV (HTR). Similarly, the 300 °C film exhibited 

activation energies of 0.0288 eV (LTR) and 0.1014 eV (HTR). These values confirm that conduction is easier 

at lower temperatures due to shallow trap levels, whereas deeper trap levels or intrinsic conduction 

mechanisms dominate at higher temperatures. Interestingly, the 200 °C sample shows the highest HTR 
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activation energy (0.1393 eV), which may be attributed to optimized crystallization and reduced defect density 

at this intermediate annealing temperature.  

Table 1.  Electrical outcomes Y₂O₃ thick films. 

Annealing 

Temp. (°C) 

Thickness 

(µm) 

Resistivity 

(Ω.m) 

TCR 

(/°C) 

Activation energy (eV) 

HTR LTR 

100 26 169435.2 -0.00343 0.0917 0.0639 

200 22 131890.1 -0.00217 0.1393 0.0291 

300 18 93013.4 -0.00208 0.1014 0.0288 

 

 As shown in Table 1, the thickness of Y₂O₃ thick films decreases with increasing annealing 

temperature: from 26 µm at 100 °C to 22 µm at 200 °C, and further to 18 µm at 300 °C. This reduction is due 

to the densification and shrinkage of the film as volatile organics are removed and the microstructure becomes 

more compact during thermal treatment [19, 22]. 

 The resistivity values also show a decreasing trend with annealing temperature. At 100 °C, the 

resistivity is 169,435.2 Ω·m, which reduces to 131,890.1 Ω·m at 200 °C and further to 93,013.4 Ω·m at 300 

°C. The decrease in resistivity can be attributed to improved grain growth, increased particle-to-particle 

connectivity, and a reduction in grain boundary resistance. The densification of the film ensures better electron 

transport pathways, thereby enhancing conductivity [20, 22]. This clear inverse relationship between 

annealing temperature and resistivity confirms that thermal treatment is a critical step in optimizing the 

electrical performance of Y₂O₃ films. The TCR values, as listed in Table 1, are negative for all films, which 

is typical for semiconducting oxides. For the 100 °C annealed film, the TCR is –0.00343 /°C, while for the 

200 °C and 300 °C annealed films, it is –0.00217 /°C and –0.00208 /°C, respectively. The magnitude of TCR 

decreases with increasing annealing temperature, indicating that the films become more stable and less 

temperature-sensitive at higher annealing temperatures. This reduction in TCR can be linked to enhanced 

crystallinity and reduced trap-assisted conduction after annealing [18, 23].  

 

CONCLUSIONS  

 The Y₂O₃ thick films were successfully fabricated using the screen-printing technique and annealed at 

different temperatures to study their electrical properties. The results revealed that annealing temperature 

significantly influences the film thickness, resistivity, TCR, and activation energy. With increasing annealing 

temperature, the films exhibited a reduction in thickness and resistivity due to improved densification, grain 

growth, and better particle connectivity, leading to enhanced electrical conduction. All films displayed a 

negative temperature coefficient of resistance, confirming their semiconducting nature, while the magnitude 

of TCR decreased with annealing, indicating greater electrical stability. Arrhenius analysis further 

demonstrated thermally activated conduction mechanisms, with distinct activation energies in low- and high-

temperature regions. Overall, the findings highlight that controlled annealing is an effective strategy to 

optimize the microstructural and electrical performance of Y₂O₃ thick films, making them promising 

candidates for applications in electronic, dielectric, and gas-sensing devices. 
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