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Hydrated ZrO2 thin films were prepared by reactive sputtering using H2O gas, and these 

films were heat treated in air at temperatures from 100	to 350 °C. Absorbance peaks due 

to hydrogen-bonded OH groups for these samples were observed by Fourier transform 

infrared spectroscopy. The peak intensities were nearly the same before and after heat 

treatment below 200 °C, but began to decrease at 250 °C, and the absorption peak 

disappeared at 350 °C. Ion conductivity of the films was evaluated by AC impedance 

measurements and was found to be about 3×10-6 S/m before and after heat treatment at 

200 °C; it also decreased after heat treatment above 250 °C. From these results, we 

considered that protons of OH and/or H2O in the films are the dominant ionic species 

that contribute to the ion conductivity of the films.  

 



 2 

1. Introduction  

Zirconium oxide (ZrO2) thin films have been applied in wide-ranging fields of optical 

and electronic industries, because ZrO2 is a technologically important material with a 

high melting point (2670 °C),1) excellent thermal stability, high refractive index, and 

low optical absorption in a broad wavelength region from near-UV (above 240 nm) to 

mid-IR (below 8 µm).2) ZrO2 thin films have been prepared by electron beam 

evaporation,3,4) pulse laser deposition,5) ion-assisted deposition,6) sol-gel processing,7-8) 

metal-organic chemical vapor deposition,9) and sputtering.10,11) In recent years, 

sputtering techniques have been widely used to fabricate thin films, because it is 

superior in its ability to form large-area films with high productivity, and it is easy to 

control the stoichiometry of the deposited films.12)  

Ion conductivities of hydrated ZrO2 have been investigated, and England et al.13) 

reported an ion conductivity of 2 × 10-5 S/cm at room temperature for ZrO2⋅1.75H2O 

powder prepared by a sol-gel technique. Kim et al.14) reported a room-temperature ion 

conductivity of 1.67 × 10-6 S/cm for ZrO2⋅Hx thin films with x = 1.70, deposited by 

reactive sputtering in Ar + H2 + O2 atmosphere. Furthermore, ZrO2 solid electrolyte thin 

films have been successfully applied to all-solid-state electrochromic devices14-15) and 

switchable mirrors.16-17) In consideration of the merits of the sputtering method and 

safety from the explosion of hydrogen gas, as reported in a previous paper,18) we 

prepared hydrated Ta2O5 thin films by reactive sputtering in H2O atmosphere. In order 

to confirm the feasibility of this method for the formation of other hydrated oxide films, 

hydrated ZrO2 thin films were prepared in this study. We also examined the effect of 

heat treatment on the ion conducting characteristics of the films to confirm the proton 
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conduction and thermal stability of the hydrated ZrO2 thin films. 

 

2. Experimental Procedure 

Hydrated ZrO2 films with thicknesses of 100 nm and 1 µm were prepared by reactive 

RF magnetron sputtering. A 2-inch-diameter disk of the Zr target (99.9% purity) was 

sputtered in H2O and D2O gases. The sputtering gas pressure, sputtering power, and 

substrate temperature were maintained at 6.7 Pa, 50 W, and 10°C, respectively. These 

films were heat treated at temperatures from 100 to 350 °C in air atmosphere for 2 hours. 

Indium tin oxide (ITO)-coated glass and Si were used as substrates. Refractive index, 

density, crystal structure, chemical structure, and surface morphology of the deposited 

films were characterized by ellipsometry, X-ray reflectivity (XRR), X-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FTIR), and atomic force microscopy 

(AFM), respectively. The plasma state during sputtering was characterized by plasma 

emission spectroscopy. Ion conductivity was measured for the sample with the 

Au/ZrO2/ITO structure shown in Fig.	 1(a) by AC impedance measurements at 

frequencies from 10 mHz to 1 MHz at room temperature in air. The conductivity of the 

thin films was estimated by assuming the equivalent circuit shown in Fig. 1(b), where 

Rs is the resistance of the ITO electrode, Rp is the ionic resistance of the ZrO2 film, Cd is 

the double-layer capacitance, and Cp is the capacitance of the ZrO2 film. A Au film was 

deposited by vacuum evaporation on the ZrO2 films as a top electrode, and ITO was 

used as a bottom electrode. The ZrO2 films were removed from the sputtering chamber 

and kept in a desiccator before measurements.  
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3. Results and Discussion 

Figure 2 shows the plasma emission spectra obtained during sputtering in H2O gas. 

Emission peaks due to OH radicals, O2
+ ions, H and O atoms are clearly observed.19-20) 

H atoms and OH radicals are considered to be formed by the dissociation of H2O 

molecules in the plasma. These active species are expected to be incorporated into the 

films, and hydrated ZrO2 thin films are expected to be formed in the atmosphere of H2O 

gas.  

XRD patterns of the films with a thickness of 1 µm deposited on Si substrates are 

shown in Fig. 3, and peaks due to monoclinic-ZrO2
21) are observed. Although these 

peaks are broad and weak, no other crystalline phases are found to be formed. These 

peaks slightly shift to a higher angle with increasing heat treatment temperature, which 

indicates the decrease of the lattice constant. It is known that monoclinic-ZrO2 is formed 

above 650 °C,1) however, monoclinic-ZrO2 films were formed at a substrate temperature 

of 10 °C in this study. The nonequilibrium formation process by the deposition of 

high-energy sputtered particles is thought to be the reason for the formation of the 

monoclinic-ZrO2 films. 

AFM is used to study the surface topography of the films before and after heat 

treatment. The root mean square roughness was 2.9–3.5 nm and no marked change was 

observed after heat treatment up to 350 °C. 

FTIR spectra of the films before and after heat treatment at different temperatures 

are shown in Fig. 4. As shown in Fig. 4(a), the films deposited in H2O atmosphere have 

absorption peaks at approximately 740 cm-1 corresponding to Zr-O groups,22,23) which 

indicates the formation of ZrO2. The absorption peaks due to hydrogen-bonded OH 
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groups24) are clearly seen in the region of 2800–3700 cm-1 for the films before and after 

heat treatment below 300 °C. The peak intensity decreases slightly at 250°C, and 

disappears completely at 350 °C. Figure 4(b) shows FTIR spectra of the films prepared 

in D2O atmosphere. The wave-number region is changed to 1000–7000 cm-1 in this 

figure to clearly indicate the OH and OD peaks and the influence of interference. The 

absorption peaks due to hydrogen-bonded OD groups25) are observed in the region of 

2000–2600 cm-1. This clearly indicates that water molecules were introduced into the 

film during the reactive sputtering process. However, the intensity of the absorption 

peaks due to OD groups decreased gradually, and the peaks due to OH groups increased 

when the films were kept in air. It is thought that the exchange of D2O molecules in the 

film and H2O molecules in air progresses even at room temperature. With increasing 

heat treatment temperature, the absorption peaks due to OD groups decreased greatly. 

The absorption peaks due to OH groups increased abruptly after heat treatment at 

100 °C and then decreased slightly with the increase of heat treatment temperature. The 

increase in the intensity of the peak due to OH groups indicates that a large part of OH 

and/or H2O in the films originate from H2O molecules in ambient atmosphere. 

We estimated the molar concentration of water in the films using Lambert-Beer’s 

law,  

cd
T

A ε=⎟
⎠

⎞
⎜
⎝

⎛=
1log ,                          (1) 

where A, T, ε, c, and d represent the absorbance, transmittance, molar absorption 

coefficient, molar concentration of the medium, and thickness, respectively. The molar 

absorption coefficient of water in the films was assumed to be the same as that of pure 

water, ε = 93.7 l/ (mol⋅cm), which is calculated from  
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                         ,                         (2) 

where k and λ are the extinction coefficient of water (0.2804 at 3404 cm-1)26) and 

wavelength, respectively. The molar concentration of pure water is 55.5 mol/ l. 

Film density estimated from the XRR measurement is shown in Fig. 5. The film 

density becomes higher with increasing heat treatment temperature, however, it is still 

lower than the bulk value of 5.85 g/cm3 for monoclinic-ZrO2.1) Figure 6 shows the 

change in the refractive index after heat treatment measured with an ellipsometer at a 

wavelength of 633 nm. The refractive index increases from 1.90 to 1.92 with the 

increase of heat treatment temperature, and the values are small compared with the 

value of 2.15 for bulk monoclinic-ZrO2.1) The low refractive index corresponds to the 

low film density. 

From the results above, it is thought that the low film density of the ZrO2 films is 

due to the introduction of H2O molecules into and/or between ZrO2 grains and the 

porous structure of the film. Therefore, we assumed the film density filmρ  to be given 

by 

  voidvoidOHOHZrOZrOfilm qqq ρρρρ ++=
222 2 ,                  (3) 

where 
2ZrOρ is the density of bulk monoclinic-ZrO2 (5.85 g/cm3) and OH 2

ρ is the 

density of water (0.997 g/cm3 at 25 °C), and 
2ZrOq , OHq 2

, and voidq  are the volume 

fractions of bulk ZrO2, H2O, and voids, respectively. OHq 2
 is calculated from eq. (1). 

The density of voids voidρ  is ignored ( 0=voidρ ), and the sum of the volume fractions 

is assumed to be unity ( 1
22

=++ voidOHZrO qqq ). The refractive index of the film filmn  is 
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also assumed to be given by the following equation (Drude theory):27) 

( ) ( ) ( )1111 2222
2222

−+−+−=− voidvoidOHOHZrOZrOfilm nqnqnqn ,        (4) 

where 
2ZrOn , OHn 2

, and voidn  represent refractive indexes of ZrO2, H2O, and voids, 

respectively. The values of 
2ZrOn , OHn 2

, and voidn  are assumed to be 2.15, 1.33, and 0, 

respectively. The results of the volume fractions are shown in Fig. 7. Although the 

volume fractions calculated from the density and refractive index differ slightly, it is 

clearly seen that the volume fractions of monoclinic-ZrO2 and void increase slightly 

with increasing heat treatment temperature owing to the loss of H2O molecules. From 

the volume fractions of ZrO2 and H2O, molar ratio n of H2O in the ZrO2⋅nH2O film was 

estimated to be approximately 0.2 for the as-deposited film. 

Cole-Cole plots of complex impedance (R and X are the real and imaginary parts of 

complex impedance, respectively) are shown in Fig. 8. The resistances Rp due to ion 

conduction are obtained from the diameters of the semicircles in the Cole-Cole plots. 28) 

The resistances of the films before and after heat treatment at 100–200 °C were in the 

order of 104 Ω; however, they began to increase after heat treatment at 250 °C. The 

ionic conductivity of the films σi was calculated using 

SR
d

p
i =σ ,                             (5) 

where d, Rp, and S are the film thickness, the film resistance estimated from the 

Cole-Cole plots, and the area of the electrodes, respectively. Figure 9 shows the change 

in the ion conductivity of the films before and after heat treatment. High ion 

conductivity of 3 × 10-6 S/m was obtained for the as-deposited ZrO2 films. The lower 

conductivity compared with those of ZrO2⋅1.75H2O powders13) and ZrO2⋅H1.70 thin 
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films14) are thought to be caused by the lower H2O content in our films, as described 

above. The ion conductivity was maintained high even after heat treatment at 200 °C, 

however, it began to decrease after heat treatment above 250 °C. Even though some of 

H2O molecules are desorbed from the film during heat treatment, H2O molecules are 

absorbed by the films again at room temperature, owing to the low film density and 

porous structure of the ZrO2 films. This result indicates that protons in the hydrated 

ZrO2 films contribute to the ion conduction. The ion conductivity of the ZrO2 films is 

similar to that (4 × 10-6 S/m) of the Ta2O5 films reported in our previous paper,18) and 

the ion conductivity of the ZrO2 films remains high after heat treatment at higher 

temperatures than that of the Ta2O5 films. These results suggest that the hydrated ZrO2 

films are a promising candidate for solid electrolyte thin films. 

 

 

4. Conclusions 

Hydrated ZrO2 thin films were fabricated by reactive sputtering using H2O gas, and ion 

conductivity of 3 × 10-6 S/m was obtained for the as-deposited film. It was indicated that 

protons in the hydrated ZrO2 films contribute to the ion conduction, and the ion 

conductivity was confirmed to be stable after heat treatment up to 200 °C. Because of 

these results, the hydrated ZrO2 film is considered to be a promising candidate for 

proton-conducting solid electrolyte thin films. 
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Figure captions 

Fig.1. Structure of samples used for impedance measurement (a) and assumed 

equivalent circuit for the evaluation of ionic conductivity of the film (b). 

Fig. 2. Plasma emission spectrum during sputtering in H2O atmosphere.  

Fig. 3. XRD patterns of hydrated ZrO2 thin films with a thickness of 1 µm before and 

after heat treatments at different temperatures. 

Fig. 4. FTIR spectra of hydrated ZrO2 thin films deposited in H2O atmosphere (a) and in 

D2O atmosphere (b) to a thickness of 1 µm before and after heat treatment at different 

temperatures. 

Fig. 5. Density of hydrated ZrO2 thin films as a function of heat treatment temperature. 

The density was estimated from XRR measurement results for sample with a thickness 

of 100 nm. 

Fig. 6. Refractive index of hydrated ZrO2 thin films as a function of heat treatment 

temperature. The refractive index was measured by ellipsometry at a wavelength of 633 

nm for samples with a thickness of 100 nm. 

Fig. 7. Volume fractions of monoclinic-ZrO2 (diamonds), H2O (circles), and voids 

(squares) as functions of heat treatment temperature. Solid lines and filled marks were 

values estimated from eq. (3) and dotted lines and open marks were those estimated 

from eq. (4). 

Fig. 8. Cole-Cole plots of hydrated ZrO2 thin films with a thickness of 1 µm before and 

after heat treatment at different temperatures. 

Fig. 9. Ion conductivity of hydrated ZrO2 thin films as a function of heat treatment 
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temperature. 
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