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Abstract

The Al-doped TiO2 (TiO2:Al) nanoceramic films were deposited by simultaneous rf magnetron sputtering of TiO2 and dc magnetron sputtering

of Al. The advantage of this method is that the Al content could be independently controlled. Al2O3 was favorable to form with decreasing Al

content. The nanocrystallinity was enhanced by increasing the Al contents, because the increase of Al contents resulted in that the deposited films

to be nearly stoichiometric. The morphologies of TiO2:Al films were significantly affected by Al contents. The nonlinear refractive index of

TiO2:Al film on the glass substrate was measured by Moiré deflectometry, and was of the order of 10�8 cm2 W�1. As Al content increased, the

TiO2:Al film had high VIS-IR transmission, high optical energy gap, high linear refractive index and low porosity.
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1. Introduction

Titanium dioxide (TiO2) thin films are extensively studied

because of their interesting chemical, electrical and optical

properties (high band gap, transparent in the visible range, high

refractive index, high dielectric constant, and ability to be

easily doped with active ions) which are considered for various

optical applications such as high refractive index component of

multilayer optical filter, gas sensors, antireflective coating,

photocatalysts, planar waveguides [1–3]. TiO2 thin films have

been prepared by several techniques, including chemical vapor

deposition [4], aerosol pyrolysis [5], electrodeposition [6], sol–

gel process [7], evaporation [8] and various sputtering methods

[9,10].

Several dopants, such as Ce and W [11], Cu [12], Nb and Cr

[13], and Pt [14], have been used to dope TiO2. Few studies of

Al-doped TiO2 (TiO2:Al) films have been reported. In this

study, TiO2:Al nanoceramic films were prepared by simulta-

neous rf magnetron sputtering of TiO2 and dc magnetron

sputtering of Al. The advantages of sputtering are the simplicity
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of the apparatus, high deposition rate, low substrate tempera-

ture, good surface flatness, and high density of the deposited

layer [15]. The Al content was controlled by dc power. The Al

content how to affect the properties of TiO2:Al films was

investigated.

Transparent materials generally exhibit the optical Kerr

effect. The nonlinear refractive indices of materials are of great

interest because of their potential applications in designing

optical devices and laser technology [16–19]. Moiré deflecto-

metry is a powerful tool for measuring the nonlinear refractive

indices of materials. The main advantages of the Moiré

deflectometry technique are its extreme experimental simpli-

city, 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:Al

films on glass substrates under illumination with a 5-mW He–

Ne laser (l = 632.8 nm).

2. Experimental procedures

The TiO2:Al nanoceramic films were deposited on glass

(Corning 1737) by simultaneous rf magnetron sputtering of

TiO2 and dc magnetron sputtering of Al. The dimension of the

glass substrates was 24 mm � 24 mm � 1.1 mm. Before
d.
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Table 1

Elemental composition of the TiO2:Al films, deposited at different dc powers,

obtained by XPS.

dc power

(W)

O content

(at.%)

Ti content

(at.%)

Al content

(at.%)

O/(Ti + Al)

0 60.1 39.9 0 1.51

4 62.7 35.6 1.7 1.68

6 63.1 34.4 2.5 1.71

8 63.3 32.9 3.8 1.72
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deposition, the substrates were ultrasonically cleaned in

alcohol, rinsed in deionized water and dried in nitrogen.

Two circular targets were used (5 cm diameter, 5 mm

thickness); the first was sintered stoichiometric TiO2

(99.99% purity); the other was metallic Al (99.999% purity).

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 the films, the substrates

were not heated. The working pressure was 1.5 Pa. An rf power

(13.56 MHz, RGN CONTROLLER, ULVAC, Japan) of 50 W

was supplied to the TiO2 target, and a dc power (DCS0052B,

ULVAC, Japan) of 0–6 W was applied to the Al target. No

external bias voltage was applied to substrate. The rotating

speed of the substrate was 20 rpm, and the thickness of films

was in the range of 20–120 nm.

The film thickness was measured using a surface profiler

(Alpha-Step 500, TENCOR, Santa Clara, CA). X-ray diffrac-

tion (XRD; Rigaku D/MAX2500, Japan) was used to study the

crystal structure. The elemental compositions were investigated

by X-ray photoemission spectroscopy (XPS; PHI 5000

VersaProbe, Japan). The surface morphologies and surface

roughness were examined by atomic force microscopy (AFM;

Agilent 5500, Santa Clara, CA). The optical transmission

spectra of films in the visible-infrared (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).

Fig. 1 shows the Moiré deflectometry experimental set-up

that is used to measure the nonlinear refractive indices of

TiO2:Al films on glass substrates. Lens L1 focused a 5-mW

He–Ne laser beam (wavelength of 632.8 nm), which was re-

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

L3 were 100, 200 and 200 mm, respectively. 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; t is an integer. In this work, the Moiré

fringes were clearly formed for a Talbot distance of

zt=4 � 64 mm, indicating that the Moiré fringes were

observed on a screen attached to the second grating. The

Moiré fringe patterns were projected onto a computerized

CCD camera by lens L3, which was placed at the back of the

second grating.
Fig. 1. The experimental set-up for measuring index of nonlinear refraction by

Moiré deflectometry technique.
3. Results and discussion

3.1. Structural characterization

Table 1 shows the results of elemental composition analysis

of TiO2:Al films deposited at different dc powers detected by

XPS. The Al content of the sputtered films increased with the dc

power to the Al target, whereas the Ti content decreased. The O/

(Ti + Al) atomic ratio increased with Al content, suggesting

that the deposited films became more stoichiometric when Al

content increased.

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

with different Al contents. 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. From Fig. 2, it can be found that

there is a broad diffraction peak (1 0 1) corresponding to

nanocrystalline anatase TiO2 film. Nanocrystalline rutile and

anatase could be obtained also with low temperature synthesis;

the crystallization and transformation temperatures have a great

variability and strongly depend from a large number of

parameters [20].

Compared with TiO2, TiO2:Al film showed the stronger peak

(1 0 1) and the location of the measured diffraction peak shifted

towards the lower diffraction angle as Al was doped. It
Fig. 2. The X-ray diffraction patterns of TiO2:Al films with different Al

contents.



Fig. 4. The morphologies of TiO2:Al films with Al contents of (a) 0 at.%; (b)

1.7 at.%; (c) 2.5 at.% and (d) 3.8 at.%.
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indicated that the nanocrystallite of TiO2 film was changed by

Al atoms substituting in the Ti sites [21]. Bachari et al. [22]

reported that the oxygen deficiency leaded to the growth of less

homogeneous films with more crystallographic faults, and a

decrease in the long-range order in the deposited films. It

suggested that the non-stoichiometric films displayed poor

crystallinity. Similarly, TiO2 films showed stronger peaks

(1 0 1) due to more stoichiometric when Al content increased. It

indicated that the nanocrystallinity was enhanced as Al content

increased.

The bonding condition of aluminum on the surface of

TiO2:Al films were investigated by XPS spectra. Fig. 3 shows

Al 2p photoelectron peak in the XPS spectrum of TiO2:Al films

with Al contents of (a) 2.5 at.% and (b) 3.8 at.%. In Fig. 3a, the

Al 2p peak at 74.3 eV was due to the aluminum in aluminum

oxide [23]. It indicated that most Al atoms were as the

substitutional atoms in the lattice of TiO2 nanocrystallites in the

film. In Fig. 3b, the major peak (A) at 74.3 eV was thought to be

due to the aluminum in aluminum oxide and the shoulder peak

(B) at 72.7 eV was due to metallic aluminum [23]. The shoulder

peak (B) was due to metallic aluminum present, as interstitial

atoms in the lattice of TiO2 nanocrystallites in the film.

Fig. 4 shows the morphologies of TiO2:Al films with

different Al contents. The root-mean-square (RMS) roughness

decreased from 0.5244 to 0.2805 nm when the Al content

increased from 0 to 1.7 at.%. However, the roughness increased
Fig. 3. Al 2p photoelectron peak in the XPS spectrum of TiO2:Al films with Al

contents of (a) 2.5 at.% and (b) 3.8 at.%.
with the further increase in the Al content. The roughness

values were very close to the morphologies of growing films

[24]. The isolated columnar structures were formed as TiO2:Al

films with Al content of 3.8 at.%. It was probably due to

metallic aluminum present, as interstitial atoms in the lattice of

TiO2 nanocrystallites in the film. It is a result of the

nonequilibrium growth.

3.2. Optical characterization

The optical energy gap Eg could be obtained from the

intercept of (ahn)2 versus hn for direct allowed transitions [25].

Better linearity was observed for (ahn)2 versus hn [25,26] as

shown in Fig. 5. The values of Eg were 2.65 eV and 2.7 eV for

the films with Al contents of 0 at.% and 1.7 at.%. Obviously,

Al-doped TiO2 film had higher optical energy gap than TiO2

film. Similar results have been reported previously by Sernelius

et al. [27] and Hamberg et al. [28] who studied the optical

properties of Al-doped ZnO films and Sn-doped In2O3 films.

Fig. 6 shows the transmission in the VIS-IR region of (a)

TiO2:Al films with different Al contents and (b) TiO2:Al films

with 1.7 at.% Al prepared at different thickness. In Fig. 6a, the

transmission of TiO2 films could be improved by doping with Al.
Fig. 5. Plots of (ahn)2 vs. hn for TiO2:Al films with different Al contents.



Fig. 6. The transmission in the VIS-IR region of (a) TiO2:Al films with different

Al contents and (b) TiO2:Al films with 1.7 at.% Al prepared at different

thickness.

Fig. 7. The Moiré fringe rotation angle versus z for the TiO2:Al film with

1.7 at.% Al on the glass substrate.
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It was probably due to the relatively low surface roughness,

which could result in less light scattering [29]. As the Al content

increased to 3.8 at.%, the transmission of TiO2:Al films

increased, but not by much. These results indicate that Al

contents affect the transmission of films significantly. Further-

more, the transmission in the visible region increased obviously

with the decrease of film thickness as shown in Fig. 6b.

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

intensity, may be expressed in terms of the nonlinear index n2

(cm2 W�1):

nðr; zÞ ¼ n0 þ n2Iðr; zÞ ¼ n0 þ Dnðr; zÞ (1)

where n0 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 v0ð1þ 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). Fig. 7 shows the Moiré fringe rotation angle

versus z for the TiO2:Al film with 1.7 at.% Al on the glass

substrate. The tested sample was placed at various distances

from the focal point of lens L1. The minimum angle of rotation

was obtained from the figure. The same experiment was

performed 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)

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 index and the

change in the minimum refractive index of TiO2:Al film with

1.7 at.% Al prepared at different thickness on glass substrate.

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 linear refractive index and the porosity of

TiO2:Al films with different Al contents. The linear refractive

index n0 was measured at a wavelength of 632.8 nm. The linear



Fig. 8. The minimum nonlinear refractive index and the change in the mini-

mum refractive index of TiO2:Al film with 1.7 at.% Al prepared at different

thickness on glass substrate.

Fig. 9. The linear refractive index and the porosity of TiO2:Al films with

different Al contents.
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refractive index of TiO2:Al film increased with the Al content.

The linear refractive index was found to correlate with the

porosity [30]. In this study, all the deposited films are assumed

to be homogeneous. The porosity of the thin films can be

calculated using the following equation [31]:

Porosityð%Þ ¼ 1� n2
0 � 1

n2
a � 1

� �
� 100 (6)

where n0 is the linear refractive index of the porous thin film

and na is the linear refractive index of pore-free anatase

(na = 2.52) found in the literature [32]. The porosity of the

TiO2:Al film decreased as the Al content increased.

4. Conclusions

The Al contents of TiO2:Al films were controlled by the dc

power applied to the Al target. Al2O3 was more favorable to

form as Al content was decreased. The TiO2:Al film had a

similar structure to that of the TiO2 film and corresponded to

nanocrystalline anatase. The increase of Al content enhanced

the nanocrystallinity of TiO2:Al film. The morphologies of

films were significantly affected by the Al contents. With

increasing Al contents, the films had higher optical energy gap

and VIS-IR transmission. The nonlinear refraction index of the

TiO2:Al 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. As the Al content increased, the linear

refractive index of the TiO2:Al film increased, but the porosity

decreased.
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