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ABSTRACT: This work deals with deposition of zirconium oxide (ZrO2) thin films by DC reactive 

magnetron sputtering method. ZrO2 films were formed on silicon and quartz substrate held at room temperature 

by sputtering metallic target of zirconium at different oxygen partial pressures in the range 5x10
-5

- 6x10
-4

 Torr 

and at a fixed sputter pressure of 3x10
-3

 Torr. Effect of oxygen partial pressure on the chemical composition, 

structure and optical properties of the deposited ZrO2 films was studied. The films formed at oxygen partial 

pressures ≥ 3x10
-4

 Torr were of ZrO2. X-ray diffraction studies revealed that the deposited films were 

amorphous in nature. Fourier transform infrared absorption studies confirmed the existence of characteristic 

vibration modes of ZrO2. The films exhibited high optical transmittance in the visible range and fundamental 

absorption edge shifted towards higher energy side with increase of oxygen partial pressure. Optical band gap 

of the films increased from 5.32 eV to 5.68 eV and refractive index increased from 1.87 to 2.14 with increase of 

oxygen partial pressure from 5x10
-5

 Torr to 6x10
-4

 Torr respectively. 
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I. INTRODUCTION 
Scaling down in the thickness of silicon dioxide gate dielectric layers used in ultra large scale 

integration devices are too thin to avoid leakage currents. It is essential to search for new metal oxides with high 

dielectric constant to achieve high performance of metal oxide semiconductor (MOS) devices. Various high 

dielectric constant metal oxide thin films such as tantalum oxide, titanium oxide, hafnium oxide, aluminum 

oxide and zirconium oxide have been examined to replace silicon dioxide as gate dielectric layer in MOS 

devices [1]-[3]. Among these oxides, zirconium oxide (ZrO2) is a promising candidate as an alternate gate 

dielectric to silicon dioxide because of its high dielectric constant (~25), optical band gap (5.6 eV) and good 

thermal compatibility with silicon [4]. High optical band gap and high refractive index find its application as 

broad band filters, active optoelectronic devices, high power lasers and light emitting diodes [4,5]. ZrO2 in thin 

film form exists in three different crystalline phases namely monoclinic, tetragonal and cubic depend on the 

method of deposition for use in various device applications [6]. Different physical thin film preparation method 

such as oxidation of zirconium films [7], electron beam evaporation [8]-[10], pulsed laser deposition [11], 

vacuum arc deposition [12,13], DC magnetron sputtering [14,15], RF magnetron sputtering [16]-[20], molecular 

beam epitaxy [21], and chemical deposition methods namely chemical bath deposition [22], spray pyrolysis [23], 

sol-gel process [24,25] and atomic layer deposition [26]were employed for preparation of ZrO2 thin films. 

Among these deposition methods, DC reactive magnetron sputter deposition technique has received 

considerable attention because of the advantage in the preparation of metal oxide films by sputtering the 

metallic target in the present of reactive gas of oxygen at low deposition temperatures and on to large area 

substrates. Physical properties of sputtered ZrO2 films depend mainly on sputter deposition parameters such as 

sputter power, sputter pressure, substrate temperature and bias voltage. In the present investigation an attempt is 

made in the deposition of ZrO2thin films by DC reactive magnetron sputtering of metallic zirconium target at 

different oxygen partial pressures. The deposited ZrO2 films were characterized for chemical composition, 

structure and optical properties. The effect of oxygen partial pressure on the structural and optical properties of 

ZrO2 thin films was systematically studied. 

 

II. EXPERIMENTATION 
ZrO2 thin films were formed on to n- silicon (100) and quartz substrates held at room temperature 

using DC reactive magnetron sputter deposition method. Pure zirconium with diameter of 50 mm and thickness 

of 3 mm was used as sputter target for deposition of films. Magnetron sputter deposition system with sputter 

down configuration was employed for preparation of ZrO2films. Schematic diagram of DC magnetron sputter 

system used for deposition of zirconium oxide films is shown in figure 1. Sputter chamber was evacuated with 
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diffusion pump and rotary pump combination. Pure argon and oxygen were used as sputter and reactive gases 

respectively. After producing the ultimate pressure of 5x10
-6

Torroxygen and argon gases were admitted 

individually into the sputter chamber through fine controlled needle valves. The ZrO2films were formed at 

various oxygen partial pressures in the range from 5x10
-5

Torr to 8x10
-4

Torr and at fixed sputter pressure of 

3x10
-3

Torr. DC power fed to the sputter target for deposition of the films was 60 W. Chemical composition of 

the films was determined with energy dispersive X-ray analyzer (Oxford Instruments Inca Penta FETX3) 

attached to scanning electron microscope. The crystallographic structure of the films was analysed with X-ray 

diffractometer using copper Kα radiation with wavelength of 0.15406 nm. The Chemical binding in the films 

was determined using Fourier transform infrared spectroscope (Thermo Nicolet 6700). Optical transmittance of 

the films deposited on quartz substrates was recorded using UV-Vis-NIR spectrophotometer (Hitachi modelU-

3400) in the wavelength range from 200 nm to 800 nm to evaluate the optical band gap and refractive index. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1:  Schematic diagram of DC magnetron sputter system for deposition of ZrO2 films 

 

III. RESULTS AND DISCUSSION 
Thickness of the deposited ZrO2 films was determined with Dektak depth profilometer. The deposition 

rate of the films was calculated from the thickness and duration of deposition. Figure 2 shows the variation of 

deposition rate on the oxygen partial pressure of the ZrO2 films. Deposition rate of the films prepared at low 

oxygen partial pressure of 5x10
-5

Torr was 10.8 nm/min. Deposition rate decreased to 8.1 nm/min in the case of 

the films formed at oxygen partial pressure to 3x10
-4

Torr. Further increase of oxygen partial pressure to 6x10
-4

 

Torr the deposition rate reached to a value of 6.8 nm/min. High deposition rate of the films formed at low 

oxygen partial pressures was mainly due to high sputter yield of zirconium. Decrease in the deposition rate at 

high oxygen partial pressures was due to the formation of oxide layer on the target surface (poisoning the target). 

Sputter yield of metal oxide is lower than that of metal hence reduction in the deposition rate at higher oxygen 

partial pressures [27]. Such dependence of decrease in the deposition rate with oxygen partial pressure was also 

noticed in DC reactive magnetron sputtered thin films of Ta2O5 and TiO2 using metallic targets of tantalum and 

titanium respectively [28,29]. 

 

Energy dispersive X-ray analysis (EDAX) was used to determine the chemical composition of the 

deposited films. EDAX spectra of ZrO2 films formed at different oxygen partial pressures are shown in figure 3. 

The EDAX spectra contained the characteristic peaks of zirconium and oxygen. Constituent elements presented 

in the films was determined from the intensity of the peaks and their sensitivity factors. Table 1 shows the 

composition of ZrO2 films formed at different oxygen partial 
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Fig. 2:  Dependence of deposition rate on the oxygen partial pressure of ZrO2 films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3:  EDAX spectra of ZrO2 films formed at different oxygen partial pressures 

 

pressures. Films deposited at low oxygen partial pressure of 5x10
-5

Torr showed the content of zirconium = 41.3 

at.% and oxygen = 58.7 at. %. The films formed with oxygen partial pressure of 3x10
-4

Torr contained the Zr = 

33.8 at.% and O = 66.2 at.% and at higher oxygen partial pressures the composition remains constant. When the 

oxygen partial pressure increased the content of oxygen in the films increased. It revealed that the films 

deposited at oxygen partial pressure 3x10
-4

Torr were of ZrO2 due to presence of required oxygen gas in the 

sputter chamber to react with zinc and form compound films. 

X-ray diffraction profiles of the ZrO2 films formed at different oxygen partial pressures are given in the 

figure 4. It is seen from the figure that no diffraction peaks were present. It revealed that the deposited films 

were of X-ray amorphous. Amorphous nature of the films can be  

 

Table I: Chemical composition of ZrO2 films formed at different oxygen partial pressures 
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Fig. 4:  X-ray diffraction profiles of ZrO2 films deposited at different oxygen partial pressures 

 

attributed to low surface mobility of ad-atom since substrates were held at room temperature [30]. Joy et al. [24] 

reported that the sol-gel processed ZrO2 films and annealed at 300
o
C were of amorphous. Ma et al. [18] 

achieved amorphous films at low oxygen partial pressures in RF reactive magnetron sputtering.  

 

Fourier transform infrared transmittance spectra of the ZrO2 films formed on silicon substrates was 

recorded in the wavenumber range from 400 cm
-1

 to 1200 cm
-1

. Figure 5 shows the Fourier transform infrared 

transmittance spectra of the films deposited at different oxygen partial pressures. The films deposited at oxygen 

partial pressure of 5x10
-5

Torr contained absorption bands at 406cm
-1

, 480 cm
-1

, 565 cm
-1

, 607 cm
-1

and 669 cm
-1

. 

As the low oxygen partial pressure increased to 3x10
-4

 Torr the intensity of absorption band increased. The 

absorption bands located at 406cm
-1

and 480 cm
-1

related to the stretching vibrations [9,24] of Zr – O, and the 

bands seen at 565 cm
-1

, 607 cm
-1

and 669 cm
-1

were the characteristic [8,11] vibrations of ZrO2. Further increase 

in the oxygen partial pressure to 6x10
-4

 Torr the absorption band seen at 607 cm
-1

 was shifted to lower 

wavenumber side. 

 

 
Fig. 5:  Fourier transform infrared transmittance spectra of ZrO2 films formed at different oxygen 

partial pressures 

 

The optical absorption studies were carried on the ZrO2films formed on quartz substrates. Optical 

transmittance spectra of ZrO2films formed at different oxygen partial pressures are shown in figure 6. The 

optical transmittance (at wavelength of 550 nm) of the films increased from 53 % to 85% with increase of 

oxygen partial pressure from 5x10
-5

 Torr to 6x10
-4

 Torr respectively. Low transmittance at low oxygen partial 

pressure of 5x10
-5

 Torr the films were mixed phase of zirconium and zirconium oxide. 
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Fig. 6:  Optical transmittance spectra of ZrO2 films formed at different oxygen partial pressures 

 

The metallic zirconium present in the films acts as scattering centers of light hence the transmittance 

was less at low oxygen partial pressures. As the oxygen partial pressure increased to 3x10
-4

Torr, the presence of 

required oxygen in the sputter chamber fill the oxygen ion vacancies as a result increase in the transmittance of 

the films. The absorption edge of the films was shifted towards lower wavelengths side with increase of oxygen 

partial pressure. Absorption coefficient (α) of the films was determined from the optical transmittance (T) and 

thickness (t)employing the equation, 

 α = (1/t) lnT        (1) 

 

The optical band gap (Eg) of the films was evaluated from the Tauc’s plots using the relation [31],  

               (αhν) = A(hν – Eg)
1/2

                                                                                                 (2) 

 

where A is the optical absorption edge width parameter. The plots of (αhν)
2
 versus photon energy of the films 

deposited with different oxygen partial pressures are sown in figure 7. The optical band gap of the ZrO2films 

increased from 5.32 eV to 5.68 eV with increase of oxygen partial pressure from 5x10
-5

 Torr to 6x10
-4

 Torr 

respectively. Low optical band gap in the films deposited at low oxygen partial pressures was due to the 

formation of nonstoichiometric films that is mixed phase of zirconium and zirconium oxide. The optical band 

gap of the ZrO2films formed at oxygen partial pressure of 3x10
-4 

Torr was 5.66 eV. Ling et al. [9] reported that 

the optical band gap increased from 4.2 eV to 5.4 

 

 
        Fig. 7:  Plots of (αhν)

2
 versus photon energy of ZrO2 films formed at different oxygen partial pressures 
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eV with increase of oxygen partial pressure from 3x10
-5

Torr to 3x10
-4

Torrin electron beam deposited films. 

Low optical band gap of 3.85 eV was reported in thermally oxidized zirconium films [7] and vacuum arc 

deposited ZrO2 films [12]. High optical band gap of 5.96 eV was achieved in crystalline films formed by 

reactive pulsed laser deposition [11,32]. Zhao et al. [19] reported the optical band gap of 5.65 eV in RF 

magnetron sputtered films. 

 

The interference fringes seen in figure 6 were due to spontaneous interference arising from the 

reflection of light between two surfaces of the film that is the air and film, and film and substrate interface. 

From the interference fringes, the refractive index of the films was determined using Swanepoel’s envelope 

method using the relation [33], 

 n(λ) = [N + (N
2
 - s

2
)

1/2
]

1/2
      (3) 

 

with 

               N = 2s [(TM – Tm)/(TM – Tm)]+ (s
2
 + 1)/2                                                  (4) 

 

where TM and Tm are the transmittance maxima and minima respectively and s the refractive index of substrate. 

Figure 8 shows the wavelength dependence refractive index of theZrO2 films formed at different oxygen partial 

pressures. It is indicated that the refractive index of the films decreased with increase of wavelength. At a fixed 

wavelength (550 nm) the refractive index increased from 

 

 
       Fig. 8:  Dependence of refractive index on the wavelenght of ZrO2 films formed at different oxygen partial 

pressures 

 

1.87 to 2.14 with increase of oxygen partial pressure from 5x10
-5

Torr to 6x10
-4 

Torr respectively. Low 

refractive index of the films formed at low oxygen partial pressures was due to formation of oxygen ion 

vacancies. As the oxygen partial pressure increased oxygen ion vacancies were decreased hence increase in 

refractive index of the films. Larijani et al. [7] achieved refractive index of 2.3 in RF magnetron sputtered films. 

Patil et al. [20] reported a low value of refractive index of 1.53 in RF magnetron sputtered films. 

 

IV. CONCLUSION 
Zirconium oxide films were deposited on silicon and quartz substrates by DC reactive magnetron 

sputtering technique at different oxygen partial pressures in the range from 5x10
-5

Torr to 6x10
-4

 Torr. Effect of 

oxygen partial pressure on the chemical composition, chemical binding, structure and optical properties was 

studied. Energy dispersive X-ray analysis revealed that the films deposited at oxygen partial pressures less than 

< 3x10
-4

 Torr were of mixed phase of zirconium and zirconium oxide where as those prepared at ≥3x10
-4

 Torr 

were of ZrO2. Deposition rate of the films decreased with increase of oxygen partial pressure. X-ray diffraction 

studies revealed that the films were of amorphous in nature in the oxygen partial pressure range of investigation. 

Fourier transform infrared absorption studies confirmed the presence of characteristic vibration modes of ZrO2 

and the intensity of the bands increased with the increase of oxygen partial pressure. The films formed at low 
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oxygen partial pressure exhibited low optical transmittance of 53% and increased to 85% at higher oxygen 

partialpressures. Optical band gap of the films increased from 5.32 eV to 5.68 eV and refractive index increased 

from 1.87 to 2.14 with increase of oxygen partial pressure from5x10
-5

 Torr to 6x10
-4

 Torr. In conclusion, ZrO2 

films deposited at oxygen partial pressure of 3x10
-4

 Torr were of amorphous in nature with optical band gap of 

5.66 eV and refractive index of 2.10.  

 

ACKNOWLEGEMENTS 
 S. Venkataiah is thankful to the University Grants Commission, New Delhi, India for the award of 

UGC-BSR-RFSMS Junior Research Fellowship. Dr. S. Uthanna is thankful to the University Grants 

Commission for the award of UGC-BSR Faculty Fellowship. 

 

REFERENCES 
[1]. B. Kralik, E. K. Chang and S. G. Louie, Phys. “Structural properties and quasiparticle band structure of 

zirconia”, Phys. Rev. B, vol. 57, pp. 7027-7032, 1998.    

[2]. J. Gao, Y. He and D. Wan, “Fabrication and high temperature oxidation resistance of ZrO2/ Al2O3 micro-

laminated coating on steel substrates”, Mater. Chem. Phys., vol. 123, pp. 731-736, 2010. 

[3]. J. Okabayashi, S. Toyoda, H. Kumigashira, M. Oshima, K. Usuda, M. Niwa and G. L. Liu, “Chemical 

reaction and metallic cluster formation by annealing temperature control in ZrO2 gate dielectrics on Si”, 

Appl. Phys. Lett., vol. 85, pp. 5959-596, 2004. 

[4]. R. W. Lambert, T. Ayling, A. F. Hendry, J. M. Cerson, D. A. Berrow, K. S. Mc Hendry, C. J.Scott, A. 

McKee and W. Meredith, “Facet passivation processes for the improvement of Al-containing 

semiconductor laser diodes”, J. Laser Technol., vol. 24, pp. 956-961, 2006. 

[5]. K. Joy, L. V. Maneeshya, J. Thomasand P. V. Thomas, “Effect of sol concentration on the structural, 

morphological, optical and photoluminescence properties of zirconium oxide thin films”, Thin Solid 

Films, vol. 520, pp. 2683-2686, 2012. 

[6]. J. W. Bae, J. W. Uchikoshi and M. Isashiki, Mat. Mater. Int., vol.16, pp. 447-456, 2010. 

[7]. M. M. Larijani, E. Hasani and S. Safa, “Annealing temperature effect on the optical properties of 

thermally oxidized nanocrystalline ZrO2 thin films grown on glass substrates”, Appl. Surf. Sci., vol. 290, 

pp. 490-494, 2014. 

[8]. M. Ghanashyam Krishna, K. Narashimha Rao and S. Mohan, “Optical and structural           

characterization of evaporated zirconia films”, Appl. Phys. Lett., vol. 57, pp. 557-559, 1990. 

[9]. X. Ling, X. Liu, G. Wang and Z. Fan, “Influence of oxygen partial pressure on the laser induced damage 

resistance of ZrO2 films in vacuum”, Vacuum, vol. 119, pp. 145-150, 2015. 

[10]. A. Singh, M. Sinha, R. K. Gupta and M. H. Modi, “Investigation on depth resolved composition of 

electron beam deposited ZrO2 thin films”, Appl. Surf. Sci., vol. 419, pp. 337-341, 2017. 

[11]. W. Zhang, J. Jan, Z. Hu, W. Ya, Q. Li, J. Sun, N. Xu, J. Wu and Z. Ying, “Infrared and Raman 

spectroscopic studies of optically transparent zirconia films deposited by plasma assisted reactive pulsed 

laser deposition”, Appl. Spectroscopy, vol. 5, pp. 522-527, 2011. 

[12]. S. Korkmaz, S. Pat, N. Fkem, M. Z. Balbag and S. Temel, “Thermal treatment effect on the optical 

properties of ZrO2 thin films deposited by thermionic vacuum arc”, Vacuum, vol. 86, pp.1930-1933, 

2012. 

[13].  W. Li, X. Liu, A. Huang and P. Chu, “Structure and properties of zirconia films fabricated by plasma 

assisted cathodic arc deposition”, J. Appl. Phys.D: Appl. Phys., vol. 40, pp. 2293-2299, 2007. 

[14]. K. P. S. S. Hembram, G. Dutta, U. Waghmare and G. Mohan Rao, “Electrical and   structural properties 

zirconia thin films prepared by reactive magnetron sputtering”, Physica B, vol. 399, pp.21-26, 2007. 

[15]. G. Sethi, P. Sunal, M. W. Horn and M. T. Lanaga, “Influence of reactive sputter deposition conditions on 

crystallization of zirconium oxide thin films”, J. Vac. Sci. Technol. A, vol. 27, pp. 577-583, 2009. 

[16]. H. H. Zhang, C. Y. Ma and Q. Y. Zhang, “Scaling behaviour and structure transition of ZrO2 films 

deposited by RF magnetron sputtering”, Vacuum, vol. 83, pp. 1311-1316,2009. 

[17]. N. Li, M. Suzuki, Y. Abe, M. Kuwamura, K. Sasaki, H. Itoh and T. Suzuki, “Effect of substrate 

temperature on the ion conductivity of hydrated ZrO2 thin films prepared by reactive sputtering in HO2 

atmosphere”, Solar Energy Mater. Sol. Cells, vol. 99, pp.160-165, 2012.  

[18]. C. Y. Ma, F. Lapostolle, P. Brioisand Q. Y. Zhang, “Effect of oxygen pressure on the structural and 

dielectric properties of RF sputtered ZrO2 thin films”, Appl. Surf. Sci., vol. 253, pp. 8718-8722, 2007. 

[19]. S. Zhao, F. Ma, K. W. Xu and H. F. Liang, “Optical properties and structural characterization of bias 

sputtered ZrO2 films”, J. Alloys. Compd., vol. 453, pp. 453-457, 2008. 

[20]. U. Patil, K. H. Patil, K. V. Chauhan, A. K. Chawla and S. K. Rawal, “Investigation of various properties 

for zirconium oxide films synthesized by sputtering”, Procedia Technol., vol. 23, pp. 336-343, 2016. 



Studies on Structural And Optical Properties of DC Reactive Magnetron Sputtered Zro2 Thin Films 

32 

[21]. J. H. Hong, W. J. Choi and J. M. Myoung, “Properties of ZrO2 dielectric layers grown by metal organic 

molecular beam epitaxy”, Microelectron. Eng., vol. 70, pp. 35-40, 2003. 

[22]. O. Pakma, C. Ozdemir, A. KariperI, C. Ozaydin and O. Gullu, “Wet chemical methods for producing 

mixing crystalline phase ZrO2 thin film”, Appl. Surf. Sci., vol. 337, pp.159-166, 2016. 

[23]. S. C. Roumenlankov, N. Radic, B. Grbic and D. Sloychev, “Nano-indentation investigation of 

mechanical properties of ZrO2, ZrO2-Y2O3, Al2O3 and TiO2 thin films deposited on stainless steel OC 404 

substrate by spray pyrolysis”, Mater. Sci. Eng. B, vol. 183, pp. 12-16, 2014. 

[24]. K. Joy, I. J. Berlin, P. B. Nair, J. S. Lakshmi, G. P. Daniel and P. V. Thomas, “Effect of annealing 

temperature on the structural and photoluminescence properties of nanocrystalline ZrO2 thin films 

prepared by sol gel route”, J. Phys. Chem. Solids, vol. 72, pp. 673-677, 2011.  

[25]. I. J. Berlinand K. Joy, “Optical enhancement of Au doped ZrO2 thin films by sol-gel dip coating method”, 

Physica B,vol. 457, pp. 182-187, 2015. 

[26]. B. R. Konda, C. White, J. Smak, R. Mandle, M. Bahoura and A. K. Pradhan, “High-kZrO2 dielectric thin 

films on GaAs semiconductor with reduced regrowth of native oxides by atomic layer deposition”, Chem. 

Phys. Lett., vol. 583, pp. 74-79, 2013. 

[27]. N. Martin, C. Rousselot, C. Savall and F. Palmino, “Characterization of titanium oxide films prepared by 

magnetron sputtering”, Thin Solid Films, vol. 287, pp. 154-160, 1996. 

[28]. S. V. Jagadeesh Chandra, P. Sreedhara Reddy, G. Mohan Rao and S. Uthanna, “Growth and electrical 

characterization of RF magnetron sputtered titanium oxide films”, J. Optoelectron. Adv. Mater. Rapid 

Commun., vol.1, pp. 496-502, 2007. 

[29]. M. Chandra Sekhar, P. Kondaiah, B. Radhakrishna and S. Uthanna, “Effect of oxygen partial pressure on 

the electrical and optical properties of TiO2 films”, J. Spectroscopy, vol. 2013, Article ID 462734.   

[30]. Y. Shen, H. Yu and J. Yao, “Investigations on properties of TiO2 thin films deposited at different oxygen 

partial pressures”, Optics Laser Technol., vol. 40, pp. 550-556, 2008. 

[31]. J. Tauc, Amorphous and Liquid Semiconductors, Plenum Press, New York, 1974. 

[32]. W. T. Tang, Z. F. Ying, Z. G. Hu, W. W. Li, J. Sun and J. D. Wu, “Synthesis and                        

characterization of HfO2 nan ZrO2 thin films deposited by plasma assisted reactive plasma laser 

deposition at low temperatures”, Thin Solid Films, vol. 518, pp. 5442-5447, 2010. 

[33]. R. Swanepoel, “Determination of film thickness and optical constants of amorphous silicon”, J. Phys. E, 

vol.16, pp. 1216-1224, 1983. 

 

 

 

1S. Venkataiah. “Studies on Structural and Optical Properties of DC Reactive Magnetron 

Sputtered ZrO2 Thin Films.” International Journal of Engineering Research and Development, 

vol. 14, no. 01, 2018, pp. 25–32. 


