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Abstract

TiO, films deposited by electron beam evaporation with glancing angle deposition (GLAD) technique were reported. The influence of flux angle
on the surface morphology and the microstructure was investigated by scanning electron microscopy. The GLAD TiO, films are anisotropy with
highly orientated nanostructure of the slanted columns. With the increase of flux angle, refractive index and packing density decrease. This is
caused by the shadowing effect dominating film growth. The anisotropic structure of TiO, films results in optical birefringence, which reaches its
maximum at the flux angle o = 65°. The maximum birefringence of GLAD TiO, films is higher than that of common bulk materials. It is suggested
that glancing angle deposition may offer an effective method to obtain tailorable refractive index and birefringence in a large continuous range.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, glancing angle deposition (GLAD) technique has
attracted considerable attention for designing the morphology of
the nanostructured films [1,2]. This technique employs substrate
inclination and substrate rotation, which were driven by two-
step motors controlled by a computerized program [3,4]. GLAD
technique has been shown to be capable of producing films with
various microstructures, such as vertical columns [5], helix [6],
which is hardly obtained from the normal incidence vapor depo-
sition. Many important physical and chemical properties of thin
films are determined by the microstructure and texture directly.
For instance, films with a dendritic structure have been shown
to work well in solar cell applications [7], whereas porous struc-
tures are used as gas sensors [8] and photocatalysts [9]. Thus,
many novel physical and chemical properties of thin films can
also be easily engineered.
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Titanium dioxide (TiO;) has gained extensive interest for
its important role in many applications, such as catalyst, pho-
tocatalyst [9], gas sensor [8], and optical and optoelectrical
[10] devices. Especially, TiO; thin films are useful for optical
devices due to their desirable properties such as high refractive
index, low absorption coefficient and high transparency in the
visible and near-infrared region [11]. In the present paper, nanos-
tructured TiO; thin films grown by glancing angle deposition
technique are studied. The film microstructure and morphology
are analyzed by cross-sectional and surface SEM images. The
effect of flux angle on the structure and optical properties was
investigated. The birefringence property induced by anisotropic
structure was also discussed.

2. Experimental details

TiO, thin films were deposited by electron beam evaporation with glanc-
ing angle deposition technique. BK7 glass (@ 30 mm x 3 mm) and n-Si(100)
substrates were ultrasonically cleaned in acetone and ethanol before introduced
into the vacuum system. The distance between evaporation sources and substrate
was 27 cm. The background pressure was less than 2.0 x 1073 Pa. To promote
formation of stoichmetric TiO; films at the substrates, O2(g) was introduced
into the chamber at a flow rate such that the pressure during the deposition was
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2.3 x 1072 Pa. Flux incident angle, defined as the angle between the incident
flux and substrate surface normal, was fixed to be @ =0°, 20°, 40°, 60°, 65°,70°,
75° and 80° without substrate rotation. During deposition process, the substrate
was kept at room temperature.

The surface and cross-sectional morphology was observed by field emis-
sion scanning electron microscopy (SEM) in HITACHI S-4700 microscope. In
preparation for SEM observation, the films were coated with a thin layer of gold.

Transmittance spectra were measured by Lambda 900 spectrophotometer
(Perkin-Elmer Company). The measurement accuracy of the equipment was
+0.08%. The effective refractive index was calculated by Swanepoel’s method
[12,13]. For the films with weak absorption, the transmission T can be viewed
as a functions of A:

T 16n0nsn%a
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where Cj=(no+ng)(ns+ns), Co=(ng—ng)(ng—ns) and o =exp(—4mwkd/r).
And ny, ng, ng are refractive indices of air, substrate and thin films, respectively.
In the case of n¢>ng,
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Tmax and T, are considered to be continuous functions of A and ns. These
functions are envelops of the maxima and minima in the transmission spectrum.
Then ns can be determined from ng, ng, Tmax and Tmin at the same wavelength:

ng=1\/N=£+/N?*—nin?

where
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3. Results and discussion

The typical cross-sectional morphologies of TiO» films
deposited at 60-80° are shown in Fig. 1. GLAD TiO, films
exhibit a slanted column growth. The intercolumnar pore is
opened and increases with the increase of flux angle. The films
are mixture of slanted columnar structure and pores. As flux
angle changes from 60° to 80°, the columns become increasingly
separated and distinguishable. The mean diameter of each col-
umn grows larger, from about 30 to 50 nm. These cross-sectional
morphologies are in agreement with the zone 1 structure of
Thornton’s structural zone model [14], which is caused by the
limited mobility of the incoming atoms during obliquely depo-
sition [15].

It can be seen that the columns incline towards the direction
of the incoming flux. The higher the flux angle is, the greater the
column inclination is. The highly orientated nanostructure of the
slanted columns indicates that GLAD TiO» films are anisotropy
[16], with the long axis parallel to the columnar growth direc-
tion. The anisotropic structure will introduce the anisotropic
dependence into the thermal, electrical, magnetic and optical
properties of thin films [17]. The bundling behavior of the slanted

Fig. 1. Cross-sectional SEM images of the TiO; films deposited at different flux angles. (a) o =60°; (b) e =70°; (¢) @ =75°; (d) «=80°.
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Fig. 2. The experimental and estimated column angles at different flux angles.

columns is observed at higher flux angle of GLAD TiO; films,
which is the result of anisotropic shadowing effect [18].
Column angle 8, defined as the angle between substrate sur-
face normal and the long axis of slanted columns, is a significant
structural parameter. As can be seen, the column angle increases
with the increase of flux angle. The experimental and esti-
mated column angles with different flux angles are illustrated
in Fig. 2. An empirical formula known as tangent rule [19] has
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been developed to estimate column angle at oblique incidence:
tan B =0.5 tan . The experimental column angle measured from
SEM images is about 36° at o« =60°, which is fairly close to the
value estimated by the tangent rule. However, the difference
between the experimental and estimated values grow larger for
a>70°, as shown in Fig. 2. Another formula known as cosine
rule [20], 2 sin(e — B) = 1 — cose, can be much more successful
in estimating the column angle of thin films deposited at highly
oblique angles (o >70°).

It should be noted that the measured column angle deviates
slightly from the empirical formula. In other words, the direction
of the column growth is still nearer to the substrate normal.
The same trend was also found in obliquely deposited ZrO»
films, which exhibited even finer morphological features [15].
The origin of that deviation is the great surface curvature of
nanostructured films grown by glancing angle deposition. This
will distinctly change the direction of column growth compared
to that of micro-sized thin films.

The porous structure of GLAD TiO, films can also be
observed in top view SEM images, as shown in Fig. 3. Ator =60°,
the pore in the slanted columns is very small, and the film is rel-
atively dense. At o =75° and 80°, there are a great deal of pores
in the neighboring columns. Characteristic of GLAD technique
is the enhanced shadowing effect and limited atom diffusion
during film growth [21]. The shadowing effect dominates the
grow process of GLAD film, thus a porous and low-density thin
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Fig. 3. The top view SEM images of GLAD TiO; films. (a) «=60°; (b) @ =70°; (¢) «=75°; (d) « =80°. Inset is a two dimensional FFT of the corresponding surface

images.
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Fig.4. Transmittance spectraof GLAD TiO; films deposited at different incident
angles.

films were produced. Greater flux angle leads to larger column
angles, larger separations between neighboring columns, and
higher porosity of thin films.

The anisotropic structure of slanted columns can be illus-
trated in a fast Fourier transform (FFT) inset in Fig. 3. The
Fourier transform is represented by its amplitude spectrum,
which is a plot of the absolute values of the complex Fourier
components. A structure lacking in-plane anisotropy yields a
circularly symmetric FFT image, whereas a structure with in-
plane anisotropy yields a two-lobe FFT image [22]. As can be
seen, the inset FFT images in Fig. 3 are all two-lobe appearance,
indicating that TiO, thin films deposited by GLAD technique
are anisotropic structure.

The transmittance spectra of GLAD TiO, films are shown in
Fig. 4. For thin films with given thickness, due to the interference
of the incident light, constructive wave interference and destruc-
tive wave interference occur periodically. Therefore, the trans-
mittance spectra of TiO; films exhibited many peaks and valleys.
It can be seen that transmittance increases with the increase of
incident angle. The effective refractive indices of GLAD TiO,
films were calculated by Swanepoel’s method [12,13]. These
scattered refractive index were then fitted by Cauchy disper-
sion equation: n(A)=A; + As/A% + A3/n%, asillustrated in Fig.5.
The effective refractive index of TiO, films decreases with the
increase of flux incident angle. At wavelength A =550 nm, the
effective refractive index changes from 2.18 to 1.60, which is
less than that of the bulk materials (n=2.3).

Table 1
The packing density and effective refractive index of GLAD TiO; films
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Fig. 5. Refractive indices disperse curves of GLAD TiO, films deposited at
different incident angles.

Base on the Bruggeman effective-medium approximation
[23], the relationship between packing density and effective
refractive index of GLAD TiO, film can be obtained, as shown
in Table 1. The packing density of TiO; films decreases with the
increase of incident angle. When the incoming atoms arrive at
the substrate surface normally, TiO, films are compact, and the
packing density is close to 1. At the flux angle of o =75°, the
packing density decrease to 0.493. The decrease of the refractive
index and packing density in GLAD TiO; film can be ascribed to
the porous structure in SEM images. By adjusting the flux inci-
dent angle, the effective refractive index and packing density of
GLAD films can be engineered in a continuous range of values.
One might also combine the microstructure evolution with the
tailorable refractive index to produce refractive index gradient
materials or other new optical coatings.

The anisotropic TiO; films with highly orientated columnar
structure will result in optical birefringence. When transmit-
tance spectra were measured with two orthogonal directions of
incident polarized light, in-plane birefringence is defined as the
difference between two in-plane refractive indices [22]. Fig. 6
illustrates the in-plane birefringence An for GLAD TiO» films.
The in-plane birefringence An increases with the increase of
flux incident angle. At o =65°, birefringence reaches its maxi-
mum of An=0.067. Higher flux angle would lead to the slight
decrease of birefringence. For GLAD films, the characteristic
packing density of the columns was the primary factor influ-
encing the birefringence An, with column orientation playing a
secondary role [24]. There is a critical packing density for the

Flux angle (°)

0 20 40 60 65 70 75
Refractive index 2.18 2.15 2.04 1.88 1.75 1.63 1.60
Packing density 0.908 0.885 0.804 0.689 0.597 0.514 0.493
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Fig. 6. The birefringence of GLAD TiO; films at different flux angles.

maximum value of birefringence [25]. Combining with Table 1,
we can deduce that the critical packing density for GLAD TiO»
films is about 0.597. The maximum birefringence of GLAD
TiO, films is higher than that of the common bulk materials
quartz (An=0.009) and MgF, (An=0.012) [22]. It is suggested
that glancing angle deposition may offer an effective method to
obtain the larger birefringence, and it seems particularly flexible
to create designed devices such as retardation plate and polarizer.

4. Conclusion

TiO, films deposited by electron beam evaporation with
glancing angle deposition exhibit highly orientated nanostruc-
ture composed of slanted columns. GLAD TiO; films are
anisotropy, with the long axis parallel to the columnar growth
direction. Column angle increases with the increase of flux
angle. The slight deviation between the experimental and esti-
mated column angle is related to the great surface curvature of
nanostructured films. Due to the shadowing effect, the porous

structure was obtained. Greater flux angles provide higher poros-
ity. The effective refractive index decreases from 2.18 to 1.60 as
flux angle increases from 0° to 75°. The birefringence varies as
a function of the flux angle, with a maximum at approximately
a=65°. Glancing angle deposition technique is an effective
method to obtain the larger birefringence, which seems useful
to create some devices such as retardation plate and polarizer.
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