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Hydrated yttrium oxide and titanium oxide thin films were prepared by 

reactive sputtering in H 2O atmosphere at substrate temperatures from -30 to 

+130 ¡C. The electrical condu ctivities of the yttrium oxide films increased with 

decreasing substrate temperature. The increase in electrical  conductivity 

corresponds well to the increase in  IR absorption intensity due to OH bonds, 

and it is considered that proton conduction is domina nt in the yttrium oxide 

films. In contrast, the conductivity of the titanium oxide films increased with 

increasi ng substrate temperature, suggesting  that electron conduction is 

dominant in the films.  
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Thin films of solid electrolytes are used as ion transport layers in electrochromic devices 

and switchable mirrors, which are expected to be applicable to energy-saving smart 

windows.1-6) Hydrogen-containing tantalum oxide and zirconium oxide are considered to 

be candidate proton conducting solid electrolytes, and some of their previously reported 

data are shown in Table I.7-12) Although the proton conductivities of the sputtered films 

were relatively lower than those of the films prepared by ion plating and sol-gel techniques, 

the sputtering technique is considered to be suitable for forming large-area thin films with 

uniform thickness and quality. Our group has developed a new reactive sputtering 

technique using H2O as a reactive gas and applied the technique to deposit hydrated Ta2O5 

and ZrO2 thin films.9,12) OH radicals and atomic hydrogen formed in the H2O plasma were 

incorporated into the growing films and hydrated oxide films were deposited. To clarify 

the applicability of the technique to various hydrated oxide films, yttrium (Y) oxide and 

titanium (Ti) oxide films were prepared by the H2O sputtering technique on the basis of the 

reported proton conduction in Y2O3 and TiO2 ceramics.13,14) The effects of substrate 

temperature on the structural and electrical properties of Y oxide and Ti oxide films were 

examined in this study. 

Hydrated Y oxide and Ti oxide thin films with a thickness of approximately 1 µm were 

deposited on silicon (<100>, boron-doped, CZ, and both-side-polished wafer with a 

resistivity of 0.01Ð1 ! "m and a thickness of 525 µm) and glass (Corning EAGLE 2000 

with a thickness of 1 mm) substrates. These films were deposited from Y and Ti metal 

targets (2 inch diameter and 99.9% purity), in H2O atmosphere, using an RF magnetron 

sputtering system. The schematic diagram of the sputtering system was reported in our 

previous papers.15,16) The H2O gas flow rate, sputtering gas pressure, and RF power were 

standardized to 2 cm3/min, 6.7 Pa, and 50 W, respectively. The substrate temperature was 

changed from -30 to +130 ¡C.  

The crystal structure was characterized by X-ray diffraction (XRD) using Cu K# 

radiation. Chemical bonding states were studied by Fourier transform infrared 

spectroscopy (FTIR). Film thickness and refractive index were measured by ellipsometry 

at a wavelength of 633 nm. Electrical conductivity was measured by AC impedance 

measurements at frequencies from 10 mHz to 1 MHz in air at room temperature. Pt thin 

films were deposited by sputtering on glass substrates and used as electrodes. The length 

and gap of the coplanar Pt electrodes were 22 and 1Ð10 mm, respectively. 

The XRD patterns of the films deposited on Si substrates are shown in Fig. 1. Diffraction 

peaks due to bcc Y2O3
17) and monoclinic YOOH18) were observed in the Y oxide films 
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deposited at 130 and 70 ¡C, respectively, and the peaks disappeared in the films deposited 

at 10 and -20 ¡C. For the Ti oxide films, diffraction peaks due to anatase TiO2
19) were 

clearly observed in the films deposited at a substrate temperature of 130 ¡C, and no peaks 

were found at substrate temperatures of -30Ð70 ¡C. The refractive index of the films is 

plotted as a function of the substrate temperature in Fig. 2. It is clearly seen that the 

refractive index of the films decreases with decreasing substrate temperature, and the 

values are much lower than those of bulk Y2O3 (n=1.93),20) YOOH (n=1.845),21) and 

anatase TiO2 (n= 2.554 for c-axis parallel and n=2.493 for c-axis perpendicular).22) These 

results indicate that low-density amorphous oxide films were formed at low substrate 

temperatures. On the basis of ThorntonÕs structure model of sputtered thin films,23) it is 

thought that porous films with voided structures were formed at low substrate temperatures, 

resulting in the low film density and low refractive index. 

Figure 3 shows the FTIR spectra of the Y oxide and Ti oxide films deposited on Si 

substrates. Broad absorption peaks due to hydrogen-bonded O-H are clearly observed in 

the wavelength range of 3000Ð3600 cm-1 in the films deposited at low substrate 

temperatures. The intensities of the absorption peaks decreased with increasing substrate 

temperature, and the peaks almost disappeared in the films deposited at 130 ¡C. These 

results are similar to those of Ta and Zr oxide thin films reported in the previous 

papers,9,12) and it is considered that hydrated oxide films were prepared at low substrate 

temperatures. The absorption peaks at about 1600 cm-1 are due to H2O in the films and in 

the atmosphere of the FTIR sample chamber. Absorption peaks corresponding to Y2O3 

(557 cm-1), 24) YOOH (685 cm-1),25) Ti-O (550Ð653 cm-1), and Ti-O-H (1000Ð1300 cm-1) 

bonds in anatase TiO2
26,27) are also observed. 

The electrical conductivities of the films were estimated from the plot of real and 

imaginary parts of AC impedance (Cole-Cole plot). If we assume a parallel equivalent 

circuit of resistance and capacitance, the electrical resistance of the film can be obtained 

from the semicircle of the Cole-Cole plot. The conductivities calculated from the 

resistances are plotted as a function of the substrate temperature in Fig. 4. The 

conductivities of Ta and Zr oxide films reported in our previous studies9,12) are also plotted 

in the figure for comparison. The conductivities of Y, Ta, and Zr oxide films increased 

with decreasing substrate temperature, and the maximum conductivities of 10-6Ð10-5 S/m 

were obtained at the lowest substrate temperatures of approximately -30 ¡C. In contrast, 

the conductivity of the Ti oxide films increased with increasing substrate temperature. 

Although the electrical conduction of these oxide films is thought to be a mixed 
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ionic-electron conduction, the increase in the conductivity of the Y oxide films 

corresponds well to the increase in absorption peak intensity due to OH bonds shown in 

Fig. 3. The proton conductivity increased with decreasing substrate temperature because of 

the increase in OH content and the decrease in film density. From these results, it is 

considered that the electrical conduction of the Y oxide films is mainly caused by proton 

conduction similarly to that observed in the Ta and Zr oxide films.9,12) In contrast, the 

electrical conduction of the Ti oxide films is thought to be predominantly caused by 

electron transport rather than by proton transport because the highest conductivity was 

obtained in the film deposited at 130 ¡C, which has the smallest OH absorption peak. 

N-type semiconducting TiO2 is thought to be formed by the incorporation of hydrogen into 

the films because hydrogen atoms can act as a donor.28,29) The electrical conductivity of the 

Ti oxide films is thought to be improved by the increase in electron conductivity due to the 

improvement in crystallinity. The relatively low band-gap energy (3.2 eV) and high Hall 

mobility (0.5Ð3.9 cm2V-1s-1 for polycrystalline films and 30 cm2V-1s-1 for epitaxial films) 

of anatase TiO2
30,31) seem to be the reasons why electron conduction is superior to proton 

conduction in the films.  

In summary, hydrated Y oxide and Ti oxide thin films were prepared by reactive 

sputtering in H2O atmosphere. The electrical conduction of the Y oxide films is considered 

to be proton conduction; however, that of the Ti oxide films is predominantly electron 

conduction. The low band-gap energy and high Hall mobility of Ti oxide are thought to be 

the reasons for the predominance of electron conduction. 
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Figure Captions  

Fig. 1. (Black and white) XRD patterns of (a) Y oxide and (b) Ti oxide thin films 

deposited at various substrate temperatures. 

 

 

Fig. 2. (Black and white) Refractive indices of Y oxide and Ti oxide thin films as a 

function of substrate temperature. 

 

 

Fig. 3. (Color online) FTIR spectra of (a) Y oxide and (b) Ti oxide thin films deposited at 

various substrate temperatures. 

 

 

Fig. 4. (Black and white) Electrical conductivities of Y oxide and Ti oxide thin films as a 

function of substrate temperature. The data on Ta oxide and Zr oxide thin films reported in 

our previous papers9,12) are also shown for comparison. 
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Table I. Ion conductivities of Ta and Zr oxide thin films reported in previous papers. 
 

Thin film Ion conductivity (S/m) Preparation method Ref. 

Ta2O5 

Ta2O5 

1.4$10-6 

1.5$10-3 

Sputtering 

Ion-plating 

7 

7 

Ta2O5 3.2$10-4 Sol-gel 8 

Ta2O5 4$10-6 Sputtering 9 

Ta2O5 

ZrO2 

2.1$10-7 

1.67$10-4 

Sputtering 

Sputtering 

10 

11 

ZrO2 6$10-6 Sputtering 12 
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