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Abstract: Thermal treatment was performed on DC magnetron sputtered zirconium niobium 

(Zr0.7Nb0.3) films in the oxygen-enriched environment at different temperatures in the range 400 – 700ºC 

to transform from Zr0.7Nb0.3 to Zr0.7Nb0.3O2 films. The films oxidized at 700ºC were of tetragonal 

Zr0.7Nb0.3O2 with a crystallite size of 22 nm. There was a significant increase in the optical transmittance 

of the Zr0.7Nb0.3O2 films from 75% to 90%, and eventually, the optical band gap also increased from 

4.32 to 4.61 eV by increasing the oxidation temperature from 400 to 700 ºC, respectively. The metal-

oxide-semiconductor stacks of Al/Zr0.7Nb0.3O2/p-Si showed higher dielectric constant values with 

improved interface quality at oxide/Si stack upon thermal oxidation at 700ºC with relatively lower 

leakage currents. 
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1. Introduction 

Zirconium oxide (ZrO2) is familiarly known as zirconia. It is prominent material for 

device applications because of its high mechanical strength, fracture toughness, thermal 

insulation, high transparency, and resistance to erosion[1]. On the other hand, ZrO2shows good 

thermal stability with silicon and has a high dielectric constant is considered a promising 

candidate for conventional very large-scale integration processing [2]. Its high refractive index, 

large bandgap, insignificant optical losses, and high transparency in the visible region made it 

useful for high reflectance mirrors, active optoelectronic devices, and broadband filters [3-5]. 

In recent years, much attention is focused on the doped zirconium oxide thin films for 

optoelectronic devices. Hydrogenated zirconium oxide is a potential candidate for application 

in solid-state ionic energy devices [6]. Aluminum-doped zirconium oxide leads to the tuning of 

the refractive index for optoelectronic applications [7]. Gold doped zirconium oxide coatings 

realized strong visible light absorption due to localized surface plasmon resonance for use in 

plasmonic devices such as lenses, switches, and waveguides [8]. Copper doped ZrO2 

nanoparticles grab attraction for photocatalytic applications [9]. Atomic layer deposited CeO2 

- ZrO2 films are potential for solid-state oxide fuel cells [10], HfO2 - ZrO2 films in electrostatic 

supercapacitors [11], ZrO2-TiO2 films as corrosion resistance [12], and sensing of oxygen, 

hydrogen, methane, and carbon monoxide gases [13]. Doping of yttrium /calcium in zirconium 
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oxide films spread a broad range of refractive index, which is attractive for wide optic 

applications [10]. There was a significant role of niobium compound films for various societal 

applications [14-16]. Zirconium niobium alloy oxide finds multiple applications for 

microelectronics and optical devices [17, 18]. The addition of niobium (Nb) increases the Ti-

Zr alloy's stability and biologic corrosion resistance [19]. Santos et al. [20] deposited Nb-doped 

ZrO2 (Nb = 19 - 50 wt.%) films by spark anodization method and noticed that the films were a 

mixed phase of hexagonal zirconium, tetragonal along with monoclinic ZrO2 and tetragonal 

Nb2O5, and the grain size increased with the increase of niobium content.  

In this investigation, the influence of oxidation temperature on the structural, optical, 

and electrical properties of Zr0.7Nb0.3O2films was reported systematically. 

2. Materials and Methods 

 Zirconium niobium oxide (Zr0.7Nb0.3O2) films were deposited on quartz and p-Type 

silicon substrates by DC reactive magnetron sputtering technique. The sputtering system 

employed for the deposition of Zr0.7Nb0.3O2 films was the diffusion pump backup by a rotary 

pump. Pressure in the sputter chamber was measured with Pirani - Penning gauge combination. 

The sputter deposition conditions fixed for the preparation of Zr0.7Nb0.3O2 films were given in 

the following table.  

Table 1. Conditions for preparation of zirconium niobium films by DC magnetron sputtering. 

Deposition method DC magnetron sputtering 

Sputter target Zr0.7Nb0.3 (99.95% pure) target 

Target to substrate distance 60 mm 

Substrates   Quartz and p- Silicon 

Substrate temperature              30 ºC 

Sputter power 80 Watt  

Ultimate pressure 5x10-6 Torr 

Sputter pressure 6x10-3 Torr 

The Zr0.7Nb0.3 films were oxidized at different temperatures in the range 500-700 ºC to 

get Zr0.7Nb0.3O2 films. The thickness of the deposited films measured with the Dektak depth 

profilometer was in the range of 90-110 nm. The Zr0.7Nb0.3O2 films elemental composition was 

analyzed by using an energy dispersive X-ray analyzer (Oxford Instruments Inca Penta 

FETX3) attached to the scanning electron microscope (Carl Zeiss model EVO MAIS). 

Chemical bonding configuration was analyzed with Fourier transform infrared 

spectrophotometer (Thermo-Nicolet model 6700) and core level binding energies by X-ray 

photoelectron spectroscope (Physical Electronics Model PHI 5700). The structure of the films 

was studied with an X-ray diffractometer (X’pert Pro PAN Analytical) with Cu Kα radiation 

(λ = 0.15406 nm). The optical transmittance of Zr0.7Nb0.3O2 films formed on quartz substrates 

was recorded in the wavelength range 200-1000 nm using JASCO spectrophotometer (model 

V570) UV-Vis-NIR double beam spectrophotometer to determine the optical band gap and 

refractive index of the films. Metal-oxide-semiconductor (MOS) capacitors with 

Al/Zr0.7Nb0.3O2/Si stacks were fabricated using a shadow mask of circular capacitors of 300 

μm diameter by depositing aluminum metal on the top of the Zr0.7Nb0.3O2 films. The 

capacitance-voltage characteristics of the Zr0.7Nb0.3O2 based MOS stacks were measured by 

using MIOKI (model 3532-50) LCR meter. The current-voltage characteristics were measured 

using Hewlett Packard (model hp 4140B) pA meter.  
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3. Results and Discussion 

3.1. Chemical Composition by Energy Dispersive X-ray Analysis. 

The chemical composition of the films formed on silicon substrates was determined by 

energy-dispersive X-ray (EDAX) analysis. Figure 1 shows the EDAX spectra of as-deposited 

zirconium niobium films, and the films oxidized at 600 ºC and 700 ºC. The metallic zirconium 

niobium film spectra consist only of the characteristic zirconium and niobium peaks along with 

silicon peaks. The metallic zirconium niobium films with the chemical content of zirconium 

67.8 at. % and niobium 32.2 at. % that is Zr0.68Nb0.32. The films oxidized at temperatures of 

600ºC and 700 ºC have contained the peaks of zirconium, niobium, and oxygen. The chemical 

composition of the films was determined from the intensity of the peaks and their sensitivity 

factors and the achieved data is compiled in Table 2. It is clear from the table that the content 

of oxygen increased with an increase in oxidation temperature.  

 
Figure 1. EDAX spectra of as-deposited and thermally oxidized Zr0.7Nb0.3O2 films.  

Table 2. Chemical composition of Zr0.7Nb0.3O2 films determined by EDAX. 

Oxidation temperature        Chemical composition (at.%) (EDAX) 

Zirconium Niobium Oxygen 

As-deposited 67.8 32.2 --- 

500 °C 30.1 13.7 56.2 

600 °C 25.7 11.2 63.1 

700 °C 23.6 10.3 66.1 

 

The films oxidized at 500 ºC consist of significant metallic zirconium (Zr) and niobium 

(Nb) phases (hence we are not showing the spectra here). The films oxidized at 600 ºC showed 

the content of zirconium 25.7 at.%, niobium 11.2 at.%, and oxygen 63.1 at.% that is 

Zr0.7Nb0.3O2 along with zirconium and niobium metallic phases. At oxidation temperature of 

700 ºC and above showed the composition of zirconium 23.6 at. %, niobium 10.3 at. % and 

oxygen 66.1 at. % indicated the growth of Zr0.7Nb0.3O2 with the absence of metallic zirconium 

and niobium phases. It revealed that the films oxidized at a temperature of 700 ºC were 

Zr0.7Nb0.3O2. 
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3.2. Structural properties. 

Figure 2 shows the X-ray diffraction profiles of the as-deposited and oxidizedZr0.7Nb0.3 

films. No diffraction reflections were seen in the as-deposited, and oxidized Zr0.7Nb0.3films up 

to 600 ºC were amorphous.  

 
Figure 2. XRD profiles of as-deposited and thermally oxidized Zr0.7Nb0.3O2 films. 

The films oxidized at 650 ºC showed the diffraction peaks at 2θ = 31.24o and 34.78o 

related to (101) and (111) reflections of Nb2O5, and it is in accordance with JCPDS card No. 

72.1484. It indicated that the films oxidized at 650 ºC were polycrystalline in nature. The films 

oxidized at 700 ºC showed the diffraction peaks at 2θ = 28.24°, 39.09°, 50.43°, 59.34°, and 

68.06° correspond to (321), (660), (200), (103) and (212) reflections of tetragonal ZrO2 in 

accordance with the JCPDS card No. 42-1164. There was a shift in the 2θ value of about 0.3 - 

0.5o in the diffraction peaks when compared with compounds of ZrO2 and Nb2O5, which 

revealed that the niobium substituted the zirconium in ZrO2 and formed with tetragonal 

structured Zr0.7Nb0.3O2. Energy-dispersive X-ray analysis also confirmed that the films 

oxidized films at 700 ºC were of Zr0.7Nb0.3O2. Santos et al. [20] reported that the niobium-

doped ZrO2 films (Nb = 20 – 50 wt. %) deposited by the electrochemical method were mixed 

phases of hexagonal zirconium, monoclinic and tetragonal phase ZrO2 with different 

crystallographic phases of Nb2O5. The crystallite size (D) of the films was calculated using 

Debye-Scherrer’s relation,  

                                         D = 0.9 λ / β cosθ                                                           --- (1) 

where λ is the wavelength of copper X-ray radiation, β the full width at half maximum intensity 

of diffraction peak, and θ the diffraction angle. The crystallite size of the films increased from 

8 nm to 22 nm with an increase of oxidation temperature from 650 ºC to 700 ºC, respectively. 

The increase in the crystallite size with oxidation temperature was due to an improvement in 

the crystallinity of films. Dislocation density (δ) and strain (ε) developed in the films were 

calculated from the X-ray diffraction peaks employing the relation, 

  δ=1/D2                              (2) 

        and                     

ε = β cosθ/4                                         (3)  
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Dislocation density and strain developed in the films were calculated from the X-ray 

diffraction peaks decreased from 27.7 x 1016 lines/m2 to 2.0x1016 lines/m2, and stain decreased 

from 21.2x10-3 to 5.9x10-3 with the increase of oxidation temperature from 650 ºC to 700 ºC, 

respectively. The decrease in the dislocation density and strain with an increase of crystallite 

size was observed along with the increase of oxidation temperature. 

3.3. Surface morphology. 

The surface morphology of the films was studied using a scanning electron microscope. 

Figure 3 shows the scanning electron micrographs of as-deposited Zr0.7Nb0.3 films and the films 

oxidized at different temperatures. The grain size of the Zr0.7Nb0.3O2 films increased from 97 

nm to 118 nm with an increase of oxidation temperature from 600 ºC to 700 ºC. With the 

increase of oxidation temperature, there was a subsequent increase in the grain size of 

Zr0.7Nb0.3O2 films. 

 
Figure 3. SEM images Zr0.7Nb0.3O2 films of (a) as-deposited; thermally oxidized at (b) 500ºC; (c) 600ºC; (d) 

700ºC. 

3.4. X-ray photoelectron spectroscopic studies. 

Figure 4 shows survey (Figure 4a) and narrow scan XPS spectra Zr0.7Nb0.3 films 

oxidized at 700 ºC. Narrow scan spectrum of zirconium Zr 3d (Figure 4b), niobium Nb 3d 

(Figure 4c), and oxygen O 1s (Figure 4d)extracted from Zr0.7Nb0.3O2 films. All these spectra 

revealed the existence of Nb along with the Zr and O2. The core-level binding energies located 

at about180.35 eV and 182.73 eV related to the zirconium Zr 3d3/2 and Zr 3d5/2 due to spin-

orbit splitting with separation in the energy of 2.38 eV revealed the Zr4+ state ZrO2[19, 20]. 

The binding energies are seen at 205.29 eV, and 208.11 eV correspond to niobium Nb 3d3/2 

and Nb 3d5/2, and the energy separation of 2.82 eV revealed the Nb5+ sate that is niobium oxide 

[21, 22]. On the other hand, Figure 4d showed the O 1s core-level binding energy at 29.1 eV, 

which is the possible evidence for the stoichiometric zirconium niobium oxides films. It was 

noted that the core level binding energies were shifted about 0.3 eV in Zr 3d and Nb 3d, which 

confirms that the grown films were indicated Zr0.7Nb0.3O2 films. 
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Figure 4. XPS spectrum of Zr0.7Nb0.3O2 films oxidized at 700°C: (a) survey scan; narrow scan spectra of (b) Zr 

3d; (c) Nb 3d; (d) O 1s. 

3.5. Fourier transform infrared studies. 

The chemical binding configuration of the films formed on p- silicon was examined 

with Fourier transform infrared spectroscope. Fourier transforms infrared transmittance spectra 

of the films oxidized at different temperatures are shown in Figure 5. Metallic Zr0.7Nb0.3 films 

did not show absorption bands in the spectrum. The films oxidized at 500 ºC exhibited the 

absorption bands at 505 cm-1, 600 cm-1, 620 cm-1, 740 cm-1 and 1110 cm-1. The band located 

at 515 cm-1 and 600 cm-1 were attributed to the antisymmetric stretching mode of Zr-O and 740 

cm-1 due to the symmetric stretching mode of Zr - O in ZrO2 films [23]. The absorption bands 

were seen at 620 cm-1, and 1110 cm-1 were the stretching vibration mode of Nb - O of 

Nb2O5[24]. Further increase of oxidation temperature intensity of absorption band increased 

due to improved crystallinity of the Zr0.7Nb0.3O2 films. In the case of the films oxidized at 700 

ºC, the absorption band 505 cm-1 was shifted to 515 cm-1. It is also confirmed that the oxidized 

films at around 700 ºC were ofZr0.7Nb0.3O2 films. 

 
Figure 5. FTIR transmittance spectra of as-deposited and thermallyoxidized Zr0.7Nb0.3O2 films. 

3.6. Optical properties. 

Figure 6shows the optical transmittance spectra of the films oxidized at different 

temperatures. The optical transmittance of the films increased from 75 to ~ 90 % in the visible 

region with the increase of oxidation temperature from 400ºC to 750 ºC.  
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Figure 6. Optical transmittance spectra of as-deposited and thermally oxidized Zr0.7Nb0.3O2 films. 

The low transmittance at oxidation temperatures at 400 ºC was due to the incomplete 

transformation of Zr0.7Nb0.3 films into Zr0.7Nb0.3O2 films and also the presence of some defects 

in the targeted oxide films [25, 26]. The fundamental absorption edge of the films shifted 

towards the lower wavelength side due to the filling of oxygen ion vacancies in the Zr0.7Nb0.3O2 

films. The optical absorption coefficient (α) was determined from the optical transmittance (T) 

and thickness (t) of the films using the relation  

                         α = - (1/t) ln (T)                                                            (4) 

In order to determine the optical band gap (Eg), the optical absorption data of the films 

was fitted to the relation [27], 

                               (αhν)2  = A (hν - Eg)                                                          (5) 

where hν is the photon energy and Eg the optical bandgap. The optical bandgap of the films was 

determined from Tauc’s plots. Figure 7 shows the plots of (αhν)2 versus photon energy of 

Zr0.7Nb0.3O2 films oxidized at different temperatures.  

 
Figure 7. Plots of (αhυ)2 versus photon energy of thermally oxidizedZr0.7Nb0.3O2 films. 

The optical bandgap of the films oxidized at 400 ºC was 4.32 eV, and it increased from 

4.40 eV to 4.61 eV with an increase of oxidation temperature from 500 ºC to 700 ºC. The low 

optical bandgap in the films oxidized at low temperatures was due to oxygen deficiency, that 

is, the excess of metallic zirconium and niobium along Zr0.7Nb0.3O2. The Zr0.7Nb0.3O2 films 

oxidized at 700 ºC showed a large bandgap of 4.61 eV. As the oxidation temperature increases, 

the thermal energy given accelerates to fill the oxygen ion vacancies, thereby increasing the 

optical bandgap. Larijani et al.[28] noticed that DC magnetron sputtered zirconium films 

transformed into ZrO2 with an optical band gap of 4.08 eV at the oxidation of 450°Cand 5.15 

eV in electron beam deposited films [29]. In the case of Nb2O5 films deposited by RF 

magnetron sputtering, the optical band gap decreased from 3.62 eV to 3.07 eV with an increase 

of annealing in air at temperatures from 30oC to 900oC [30] and increased from 3.29 eV to 3.46 
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eV with an increase of sputter power [31]. The optical bandgap of TiO2 films also increased 

with annealing temperature [32]. 

3.7. Electrical and dielectric properties. 

Figure 8 shows the capacitance-voltage (C-V) curves of the Al/Zr0.7Nb0.3O2/Si stacks of 

thermally oxidized Zr0.7Nb0.3 thin film with the thickness of ~ 99 nm.  The accumulation 

capacitance value of the Zr0.7Nb0.3O2/Si stacks was decreased from ~ 0.69 to 0.61 μF/cm2 by 

increasing oxidation temperature from 500 to 700 ºC, respectively. The possible reason for this 

reduction in accumulation capacitance could be due to the strengthening of the interfacial SiO2 

layer at Zr0.7Nb0.3O2/Si stacks [33, 34]. Pure ZrO2/Si stacks struggled with low dielectric 

properties and eventually unstable interface at higher temperatures [35], whereas here we 

observed the stable C-V curve of Zr0.7Nb0.3O2/Si stacks after the thermal treatment at 700 ºC. 

This is the direct evidence of improvement in the thermal stability of Zr0.7Nb0.3O2/Si stacks. 

Besides, there was a significant positive shift in the C-V curve of the stacks oxidized at the 

temperature of 700 ºC, which might be due to the filling of oxygen vacancies in the oxide layer 

and the reduction in fixed charges at the oxide/semiconductor interface [36]. 

 
Figure 8. Capacitance - voltage characteristics of Al/Zr0.7Nb0.3O2/Si capacitors formed at different oxidation 

temperatures. 

The dielectric constant (εr) of the films was calculated from the C-V measurements 

using the formula 

εr = Ct/εoA                                                                    --- (6) 

where C is the capacitance, ‘t’ the thickness of the dielectric, A the area of the electrode, and 

εo the permittivity of the free space. The dielectric constant of the Al/Zr0.7Nb0.3O2/Si stacks 

annealed at 500 ºC was 9 and increased to 11 and 14 by increasing the annealing temperature 

600 ºC and 700 ºC, respectively. Figure 9shows the current-voltage characteristics of  

 
Figure 9. Current-voltage characteristics of Al/Zr0.7Nb0.3O2/Sicapacitors formed at different oxidation 

temperatures. 
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Al/Zr0.7Nb0.3O2/p-Si stacks annealed at 500, 600, and 700oC. The leakage current 

density was decreased from 2x10-4A/cm2 to ~3x10-5A/cm2 by increasing the thermal oxidation 

temperature from 500 ºC to 700 ºC, respectively. The reduction in the leakage current value 

might be due to the strengthening of the stable SiO2 layer at high-k/Si stacks [36]. The leakage 

current densities versus voltage curves combine linear and non-linear regions due to the current 

assimilation mechanism, such as Schottky Poole- Frenkel. The shifting of lower leakage 

current density value at the applied gate voltage of 0 V is under investigation. 

4. Conclusions 

 Thin films of zirconium niobium oxide (Zr0.7Nb0.3O2) were prepared by thermal 

oxidation of metallic DC magnetron sputtered Zr0.7Nb0.3 films onto quartz and p- silicon 

substrates held at room temperatures. The oxidation temperature controls the growth of 

Zr0.7Nb0.3O2 films. EDAX analysis studies showed that the films oxidized at temperatures less 

than 600 ºC were of mixed-phase of metallic zirconium and niobium along with 

Zr0.7Nb0.3whereas those oxidized at 700 ºC were tetragonal structures Zr0.7Nb0.3O2. Fourier 

transform infrared spectroscopy and X-ray photoelectron spectroscopic studies confirmed the 

presence of characteristic vibration modes of Zr-O and Nb-O and core level binding energies 

related to Zr0.7Nb0.3O2 upon high-temperature oxidation. The dielectric constant value and 

bottom interfacial properties of Al/Zr0.7Nb0.3O2/Si, MOS stacks were improved by increasing 

oxidation temperature from 500 ºC to 700 ºC, because of filling the oxygen vacancies in and 

around the oxide layer. The leakage currents were also reduced to the order of 10-5 for the 

stacks oxidized at 700 ºC. The thermal stability of the investigated oxide layer with Si substrate 

was improved by the addition of Nb into Zr. Further investigations may give more attractive 

results of this high-k alloy.    
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