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Abstract

TiO2 nanoceramic films were deposited on glasses by rf magnetron sputtering. This method provides more advantages in controlling the

microstructure and composition of the films. TiO preferentially formed and the deposited films tended to become nonstoichiometric by increasing

substrate temperature. The morphologies and hydrophilic properties of TiO2 films were significantly affected by the substrate temperature. The

nonlinear refractive index of the TiO2 film on the glass substrate measured by Moiré deflectometry was of the order of 10�8 cm2 W�1. Smaller

grain size, higher optical energy gap, visible transmission and linear refractive index, and lower stress-optical coefficient were obtained at lower

substrate temperature.
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1. Introduction

There has been increasing interest in the fabrication of TiO2

thin films because they present useful optical, electrical, and

chemical properties such as high refractive index [1], high

relative dielectric constant [2], remarkable solar energy

conversion [3,4], and photocatalysis [5]. Therefore, TiO2 thin

film can be a promising material for an optical filter [6],

antireflection film [7], a self-cleaning coating [8], a high

efficient dielectric [9], and a solar cell [10]. TiO2 thin films have

been prepared by several techniques, including chemical vapor

deposition [11], aerosol pyrolysis [12], electrodeposition [13],

sol–gel process [14], evaporation [15] and various sputtering

methods [16,17].

Among these techniques, rf magnetron sputtering method

provides more advantages in controlling the microstructure and

composition of the films [18]. The characteristics of films are

affected by the preparation conditions such as working

pressure, substrate temperature, types of substrates, and the

thickness of the films [19]. In this study, TiO2 nanoceramic

films were prepared by rf magnetron sputtering. The effect of

substrate temperature on the properties of TiO2 nanoceramic

films was investigated.
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Transparent materials generally exhibit the optical Kerr

effect. The nonlinear refractive indices of materials are of great

interest because of potential applications in designing optical

devices and laser technology [20–23]. Moiré deflectometry is a

powerful tool for measuring the nonlinear refractive indices of

materials. The main advantages of the Moiré deflectometry

technique are its extreme experimental simplicity, lower cost

and lower sensitivity to external disturbances than other

interferometric methods. In this study, this method is applied to

measure the nonlinear refractive indices of TiO2 films on glass

substrates under illumination with a 5-mW He–Ne laser

(l = 632.8 nm).

2. Experimental procedures

The TiO2 nanoceramic films were deposited on glass

(Corning 1737) by rf magnetron sputtering. The target used in

this study was sintered stoichiometric TiO2 (99.99% purity,

5 cm diameter, 5 mm thickness, Target Materials Inc., USA).

The dimension of the glass substrates was 24 mm

� 24 mm � 1.1 mm. Before deposition, the substrates were

ultrasonically cleaned in alcohol, rinsed in deionized water and

dried in nitrogen. The sputtering was performed in an Ar

atmosphere with a target-to-substrate distance of 15 cm. A

turbo-molecular pump backed by a rotary pump, was used to

achieve a base pressure of 1.3 � 10�4 Pa. For the deposition of
d.
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Fig. 1. The experimental set-up for measuring index of nonlinear refraction by

Moiré deflectometry technique.
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Fig. 2. The X-ray diffraction patterns of TiO2 films prepared at various

substrate temperatures.

Table 1

Elemental composition of the TiO2 films, deposited at various substrate

temperatures, obtained by XPS.

Substrate temperature (8C) O content (at.%) Ti content (at.%) O/Ti

100 59.9 40.1 1.49

200 59.5 40.5 1.47

300 59.1 40.9 1.44

400 58.3 41.7 1.40

500 57.8 42.2 1.37
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the films, the substrate temperature was controlled in the range

of 100–500 8C. The working pressure was 1.5 Pa. No external

bias voltage was applied to the substrate. An rf power

(13.56 MHz, RGN-1302, ULVAC, Japan) of 50 W was supplied

to the TiO2 target. The rotating speed of the substrate was

20 rpm, and the thickness of films was maintained at 100 nm.

The film thickness was measured using a surface profiler

(Alpha-Step 500, TENCOR, Santa Clara, CA). The elemental

compositions were investigated by X-ray photoemission

spectroscopy (XPS; PHI 5000 VersaProbe, Japan). X-ray

diffraction (XRD; Rigaku D/MAX2500, Japan) was used to

study the crystal structure. The surface morphologies and

surface roughness were examined by atomic force microscopy

(AFM; Digital Instruments Inc., NanoScope E, USA). The

water contact angles on films were measured by contact angle

meter (Model 100SB, Sindatek, Taiwan). The optical transmis-

sion spectra of films in the ultraviolet–visible–infrared (UV–

vis–IR) region were obtained using a spectrophotometer (HP

8452A Diode Array Spectrophotometer, Hewlett Packard, Palo

Alto, CA). The linear refractive indices of films were recorded

using a spectrometer (MP100-ST, Fremont, CA). The stress

was measured by Nano Indenter XP System (MTS Systems

Corporation, MN, USA).

Fig. 1 shows the Moiré deflectometry experimental set-up

that is used to measure the nonlinear refractive indices of TiO2

films on glass substrates. A 5-mW He–Ne laser beam

(wavelength of 632.8 nm) was focused by lens L1 and is re-

collimated by lens L2. The focal lengths of lenses L1, L2 and L3

were all �250 mm. Two similar Ranchi gratings G1 and G2

with a pitch of 0.1 mm were used to construct the Moiré fringe

patterns. The distance between the planes of G1 and G2 was set

to 64 mm, which is one of the Talbot distances of the used

gratings. The Talbot distances satisfy zt = tp2/l where p is the

periodicity of the grating; l is the wavelength of light, and t is

an integer. In this work, the Moiré fringes were clearly formed

at a Talbot distance of zt=4 � 64 mm. The Moiré fringe patterns

were projected onto a computerized CCD camera by lens L3,

which was placed at the back of the second grating.

3. Results and discussion

3.1. Film composition

Fig. 2 shows the X-ray diffraction patterns of TiO2 films

prepared at various substrate temperatures. XRD analysis was

conducted on the films using a Rigaku D/MAX2500

goniometer with 18 kW rotating anode X-ray, equipped with
a thin film attachment unit. The equipment was operated with

Cu Ka (l = 1.5418 Å) radiation at 40 kV, 100 mA and a

scanning speed of 48 min�1 at an incident angle of 38. The

interval of the scan was 0.018 and the scanning range was 10–

808. In Fig. 2, the nanocrystalline anatase TiO2 film was

observed at the substrate temperature of 300 8C. However,

when the substrate temperature was increased to 400 8C, the

coexistence of nanocrystalline TiO2 and TiO was observed.

The highest and the lowest energy components have been

assigned to Ti4+ and Ti0, respectively, while the intermediate

component has the energy shift relative to TiO2 that falls in

between that of Ti3+ and Ti2+ [24]. Radecka [24] and

Zakrzewska [25] studied TiO2 thin films and reported that

one can expect at least Ti3+ and Ti2+ oxidation states as a result

of the deviation from stoichiometry, besides Ti4+ related to

TiO2. The substantial contributions from lower oxidation states

(Ti3+ or Ti2+ and Ti0) have been observed at the largest oxygen

deficiency. According to Fig. 2, TiO formed preferentially

when the substrate temperature increased. It suggested that the

deposited films became nonstoichiometric by increasing

substrate temperature.

Table 1 shows the elemental composition of TiO2 films

deposited at various substrate temperatures. The Ti content of

the sputtered films increased with the substrate temperature.

The O/Ti atomic ratio decreased with increasing the substrate

temperature. This suggested that the deposited films became

nonstoichiometric by increasing the substrate temperature. This

was in agreement with the results of Fig. 2.



Fig. 3. The morphologies of TiO2 prepared at (a) 100 8C and (b) 500 8C.
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Fig. 3 shows the morphologies of TiO2 films prepared at (a)

100 8C and (b) 500 8C. In Fig. 3a, TiO2 films were composed of

irregular grains with grain size of 15–35 nm and only a few

pores. According to Fig. 3a and b, the average grain size,

porosity and root-mean-square (RMS) roughness increased

with substrate temperature. The TiO2 films prepared at 500 8C,

the kinetic energies of particles were high. It is likely that the

particles arrived at the substrate with high kinetic energy, and

high rate led to high porosity and high roughness [26].

Fig. 4 shows water contact angles on TiO2 films deposited at

various substrate temperatures. Wettability of a solid surface

with liquids is not only governed by its chemical properties but

also by its geometry. Hydrophilic property is well known to be

enhanced by fine roughness [1]. Therefore, a control of surface

microstructure of the films is a way to improve the hydrophilic

properties. The hydrophilic properties of TiO2 films were

evaluated by examining the water contact angle on TiO2 films.

The water contact angle decreased with the increase of

substrate temperature. It suggested that the hydrophilic
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Fig. 4. Water contact angles on TiO2 films deposited at various substrate

temperatures.
properties of TiO2 films were improved by increasing substrate

temperature.

3.2. Optical properties

The optical energy gap Eg could be obtained from the

intercept of (ahn)2 versus hn for direct allowed transitions

[27]. Better linearity was observed for (ahn)2 versus hn [27,28]

as shown in Fig. 5. The Eg decreased with the increase of

substrate temperature and to be a value of 3.7 eVat 500 8C. The

change of optical energy gap Eg after increasing substrate

temperature has been interpreted as a Moss–Burstein shift,

where the change is the result of a large decrease in the free

carrier concentration, and the corresponding downward shift

of the Fermi level to below the band edge [29,30].

Fig. 6 shows the transmission in the UV–vis–IR region of

TiO2 films prepared at various substrate temperatures. It could

be observed that the transmission in the visible region

decreased substantially at short wavelengths near the ultraviolet
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Fig. 5. Plots of (ahn)2 versus hn for TiO2 films prepared at various substrate

temperatures.
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Fig. 6. The transmission in the UV–vis–IR region of TiO2 films prepared at

various substrate temperatures.
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range for all films. By comparison, the absorption edge was

observed at a slightly lower wavelength range for films

prepared at lower substrate temperature. The shift of absorption

edge may be attributed to the difference in grain size [31–33].

From the previous discussion of AFM images (Fig. 3), the TiO2

film prepared at lower substrate temperature contained

relatively small grain size. It corresponded to the blue shift

of absorption edge. Similar results were reported by Yu et al.

[31], Li et al. [32] and Lin et al. [33].

The average visible transmission of TiO2 films prepared at

various substrate temperatures was shown in Fig. 7. According

to Figs. 5 and 7, the TiO2 film had higher optical energy gap and

exhibited higher average visible transmission at lower substrate

temperature. It was probably due to the relatively low surface

roughness, which could result in less light scattering [34]. It

was also probably due to the reduced porosity, which absorbed

less light [35]. These results indicated that the substrate

temperature affected the transmission of films significantly.

The index of refraction, n, which depends on the radiation

intensity, may be expressed in terms of the nonlinear index
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Fig. 7. The average visible transmission of TiO2 films prepared at various

substrate temperatures.
n2 (cm2 W�1):

nðr; zÞ ¼ no þ n2Iðr; zÞ ¼ no þ Dnðr; zÞ (1)

where no is the linear index of refraction, I(r, z) is the irradiance

of the laser beam within the sample, and Dn(r, z) is the light-

induced change in refractive index. Based on the assumption

that a Gaussian beam is traveling in the +z direction, the beam

irradiance can be written as

Iðr; zÞ ¼ I0

v2
0

v2ðzÞ exp � 2r2

v2ðzÞ

� �
(2)

where r is the radial radius of the imaginary sphere; v0 is the

spot size of the beam at the focus; vðzÞ ¼ v0ð1 þ z2=z2
0Þ

1=2
is

the beam radius at a distance z from the position of the waist;

z0 ¼ pv2
0=l is the diffraction length of the Gaussian beam, and

l is the wavelength. The irradiance of the beam at the focus is

denoted I0 and in terms of the input laser power, pin, equals

2 pin=pv2
0. Therefore, for a Gaussian laser beam, the radial

dependence of the irradiance gives rise to a radially dependent

parabolic refractive index change near the beam axis:

Dnðr; zÞ ¼ n2I0

v2
0

v2ðzÞ exp � 2r2

v2ðzÞ

� �
(3)

Moiré deflectometry is a sensitive technique for measuring

changes in the refractive indices of materials. The sensitivity of

this technique is determined by the minimum measurable-angle

of rotation (amin). The tested sample was placed at various

distances from the focal point of lens L1, and the minimum

angle of rotation was obtained. The same experiment was

performed by using only a pure glass substrate to check the

contribution of the glass substrate to the nonlinear refraction

measurement. No observed fringe rotation or change in fringe

size was found.

For the thin nonlinear medium of thickness d, the lowest

nonlinear refractive index can be written as

n2;min ¼
u f 2

2

zt

pv4
0

d pinz2
0

amin (4)
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Fig. 9. The Moiré fringe patterns of TiO2 prepared at (a) 100 8C and (b) 500 8C.
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Fig. 10. The linear refractive indices and Young’s moduli of TiO2 films

prepared at various substrate temperatures.
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and the change in the minimum refractive index is

Dnmin ¼
v2

0u f 2
2

2dztz
2
0

amin (5)

Fig. 8 shows the minimum nonlinear refractive indices and

the change in the minimum refractive indices of TiO2 films

prepared at various substrate temperatures on glass substrates.

The nonlinear refraction index was measured to be of the order

of 10�8 cm2 W�1 and the change in refractive index was of the

order of 10�5.

Fig. 9 shows the Moiré fringe patterns of TiO2 films prepared

at (a) 100 8C and (b) 500 8C By comparing Fig. 9a with Fig. 9b,

the changes in sizes of the Moiré fringes were observed. It was

probably due to the more pores in TiO2 films prepared at

500 8C.

A change of the linear refractive index caused by stress is

called the photoelastic effect [36]. The linear refractive index is

specified by the indicatrix, which is an ellipsoid whose

coefficients are the components of the relative dielectric

impermeability tensor Bij at optical frequencies:

Bi jxix j ¼ 1 (6)

The small change of the linear refractive index produced by

stress is a small change in the shape, size and orientation of the

indicatrix. This change is specified by the small changes in the

coefficients Bij.

If terms of higher order than the first in the field of stresses

are neglected, then the changes DBij in the coefficients are

DBi j ¼ ’i jklskl or DBi j ¼ pi jrsers (7)

where wijkl and pijrs are called the piezo-optical and strain-

optical coefficients, which typically have the orders of magni-

tude of 10�12 Pa�1 and 10�1 Pa�1, respectively.

Based on the relation, B ¼ 1=n2
0, the change of linear

refractive index for an isotropic film material is assumed to be

[36,37]

@n0

@s

� �
T

¼ � 1

2
n3

0’ (8)
Consequently, a change in the linear refractive index due to

film stress may affect the optical performance of an optical thin

film, as shown in Eq. (8).

Fig. 10 shows the linear refractive indices and Young’s

moduli of TiO2 films prepared at various substrate tempera-

tures. The linear refractive index n0 was measured at a

wavelength of 632.8 nm. The linear refractive index of TiO2

film decreased with the substrate temperature. However, the

stress of TiO2 film increased with the substrate temperature.

The linear refractive index was found to correlate with the

porosity [38,39]. It indicated that a dense TiO2 film with a high

linear refractive index and low stress could be obtained by

decreasing substrate temperature.

The value of Dn/Ds is reportedly similar to the stress-optical

coefficient [40]. The stress-optical coefficient, ð@n0=@sÞT , of a

TiO2 film was evaluated and was in the range of �1.85 � 10�12

to �14.5 � 10�12 Pa�1. Lower porosity corresponds to a lower

stress-optical coefficient for the same material [39].

4. Conclusions

The nanocrystalline anatase of TiO2 film preferentially

formed when the substrate temperature was decreased. The
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porosity, surface roughness and hydrophilic property increased

with the substrate temperature. The nonlinear refraction index

of the TiO2 film on the glass substrate was measured to be of the

order of 10�8 cm2 W�1 and the change in the refractive index

was of the order of 10�5. The visible transmission of TiO2 film

increased by decreasing substrate temperature. Higher optical

energy gap and linear refractive index, and lower stress-optical

coefficient were obtained at lower substrate temperature.
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